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Stretching DNA from its coiled state into a linear form is an important 
requirement in DNA-protein interaction studies and DNA sequencing. Immobilization of 
stretched DNA molecules is required to analyze protein interactions and presence of 
molecules along the DNA strand. The ability to perform DNA immobilization and 
stretching in microfabricated fluidic systems is a step towards enhancing the applications 
of DNA studies. Forces derived from hydrodynamic flow and electric field in channels 
are used to immobilize and stretch DNA molecules.  
Electrodes integrated in fluidic channels are used to stretch DNA molecules using 
electric field. Fabrication technology for integrating electrodes with Si micro- and nano-
channels using polymethylmethacrylate bonding was developed. Bonding is performed at 
low temperature to form integrated channels without leakage and the channels are 
hydrophilic, allowing introduction of fluid and biomolecules into the channels by 
capillary action. A novel DNA immobilization technique called protein assisted DNA 
immobilization (PADI) was developed to immobilize and stretch hundreds of DNA 
molecules using hydrodynamic flow in a microchannel. The DNA molecules are not 
overstretched and the immobilization is performed at physiological pH of 8.0 while 
maintaining continuous hydration of DNA molecules in the channel. Optical mapping 
and single-molecule transcription were demonstrated in microchannels using the PADI 
technique. Precise DNA immobilization and stretching across electrode gaps in 
microchannels were demonstrated using an ac voltage. Using the ac electric field, large 
 
 xxviii 
numbers of DNA molecules are immobilized on the electrodes without chemical 
modifications to the DNA or electrode surface. A mechanism based on induced charge 
electro-osmosis (ICEO) has been developed to induce motion in suspended particles and 
move them away from the electrodes. The ICEO induces motion of particles in channels 
without using fluid flow, unlike dc or ac electro-osmosis, or pressure driven flow. The 
mechanism is applied to control the motion of DNA molecules in channels using low ac 
voltage, and a DNA velocity of 24 µm/s has been demonstrated at a distance of 500 µm 





The objective of this work is to fabricate integrated micro- and nano-fluidic 
systems for single-molecule deoxyribose nucleic acid (DNA) analysis and to develop 
methods that enable single-molecule analysis to be performed in the integrated systems. 
Fluorescence based single-molecule DNA analysis is applied to DNA mapping [1] and 
DNA-protein interaction studies [2]. DNA immobilization and stretching [3], which are 
essential steps in single-molecule analysis, can be achieved using hydrodynamic flow [4] 
and electric field [5]. Current methods are limited in throughput of single-molecule 
analysis for DNA mapping and lack of control over location of DNA molecules in 
channels. In this thesis, high throughput DNA immobilization and stretching are studied 
using hydrodynamic flow in microfluidic systems. In addition, ac voltage is used to 
control the placement of stretched DNA molecules in the fluidic system with integrated 
electrodes. DNA molecules are immobilized and stretched at specific locations across 
electrode gaps in channels. Voltage induced motion of DNA molecules is used to control 
the location of stretched DNA molecules in channels. These methods have been 
developed to ultimately achieve the control over the location of protein interactions with 
the DNA strand.  
In this chapter, the advantages of single-molecule technology over conventional 
methods will be discussed first. Then current techniques for single-molecule DNA 
analysis and their features will be discussed. Finally, our approach to performing single-
 
 2 
molecule DNA analysis in micro- and nano-fluidic systems for applications in DNA 
mapping and DNA-protein interaction studies will be presented.  
1.1. Biomolecular Analysis Techniques 
Analyzing biomolecules such as DNA and proteins is an important step towards 
understanding their functionality [6], [7]. Detection and analysis of biomolecules are an 
integral part of disease diagnostics and biomarker discovery [8], [9]. The most common 
method used for detecting biomolecules is fluorescent microscopy [10]. Detection is 
performed by exciting fluorescent labels attached to the biomolecules using a single 
wavelength light.  The light emitted from the labels is detected by the microscope and 
either a group or individual fluorescent bio-molecules are analyzed. In this section, two 
classes of biomolecular analysis called bulk and single-molecule technology will be 
discussed and their performance compared. 
1.1.1. Bulk Technology 
One of the most common techniques used for analyzing fluorescent labeled DNA 
and protein molecules is gel electrophoresis [11]. In this method, the biomolecules are 
separated in a gel either by their molecular weight or charge. Separation is achieved by 
transporting the molecules through the gel using an electric field [12]. The gel is a solid 
porous matrix that allows molecules of different sizes and charges to be transported 
through the pores at different speeds, resulting in the separation of biomolecules. 
Following separation, the biomolecules in the gel are viewed using fluorescent 
microscopy.   
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Often the concentration of the original DNA sample is insufficient for fluorescent 
detection [ 13 ] and polymerase chain reaction (PCR) must be used to perform 
amplification of the DNA molecules [14]. In both gel electrophoresis and PCR, the 
biomolecules are analyzed by imaging fluorescent signals emanated by hundreds of 
molecules; hence, these techniques are often referred to as bulk techniques. 
1.1.2. Single-Molecule Technology 
Over the past 20 years, several techniques to detect and analyze individual 
biomolecules have been developed [15]. Single-molecule technology has evolved into a 
new field due to its potential applications and advantages over conventional bulk 
techniques [16]. Detection of individual biomolecules enables more sensitive analysis 
compared to bulk techniques [3], which has significant implications in DNA and protein 
analysis. Currently no technology exists that can amplify low concentrations proteins [17]. 
Thus protein detection will benefit from development of single-molecule technologies. In 
DNA analysis, the higher sensitivity obviates the need for PCR amplification of DNA 
molecules. PCR is a complex procedure involving numerous steps such as heating, 
cooling, and enzymatic reactions between DNA and proteins. Procedures not requiring 
the PCR step will significantly lower the complexity and cost of performing DNA 
analysis [ 18 ]. These procedures can benefit molecular diagnostics and biomarker 
discovery, which require DNA analysis to be performed on large population [19]. This is 
apparent in the race for DNA sequencing technologies that are being developed to 
achieve the goal of $1000 human genome sequencing [20].  
A second advantage of single-molecule analysis is the capability to detect and 
quantify the motion and interactions of enzymes with high precision. An enzymatic 
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action is performed in series of consecutive steps, where each step is constituted of 
motion and physical/chemical interactions with a different molecule [21]. In bulk 
techniques, only the average characteristics of protein interactions can be measured from 
a collection of biomolecules  [22]. On the other hand, in single-molecule analysis, 
interactions occurring in isolated molecules can be characterized, which is more accurate 
than the average value [23].  
1.2. Single-Molecule DNA Analysis 
DNA is a semi-flexible polymer composed of di-nucleotriphosphates (dNTPs) 
that are joined together by phosphodiester bonds. Common examples include 
bacteriophage DNA molecules, such as λ and T7, which have been extensively used as 
templates for studying DNA-protein interactions and performing DNA mapping. The 
radius of gyration Rg of a self-avoiding polymer, such as a coiled DNA, quantifies its 
physical size in solution, and can be expressed as: 
! 
Rg = pdm( )
1/5
Lc
3/5         (1.1) 
where p is the persistence length (which is proportional to the molecular stiffness), dm is 
molecular diameter, and Lc is contour length of DNA [3]. For bacteriophage DNA in 
aqueous solution, Rg is typically on the order of a µm. These coiled DNA molecules in a 
solution experience Brownian motion and hence are undergoing continuous random 
motion at equilibrium. In order to perform single-molecule analysis, the DNA molecules 
need to be stabilized and is achieved by immobilizing the molecules. Single-molecule 
DNA analysis typically involves sequence detection and protein interaction studies along 
the strand, which is difficult to achieve on randomly coiled DNA strands since all 
sections of the strand are not accessible in the coiled state. Hence they must be stretched 
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from their coiled state into a linear form, which enables high resolution imaging of the 
DNA strand. The stretched state enables the detection of motion and interactions of 
proteins along the DNA strand [24]. DNA mapping is performed on stretched DNA 
molecules by detection of specific sequences and separation between the sequences along 
the strand [25].       
Several methods of immobilization and stretching of DNA molecules have been 
developed over the last decade. The methods defer by the procedures used for 
immobilization and stretching of the DNA strands. Some methods manipulate one DNA 
molecule during an experiment, while others generate hundreds of immobilized and 
stretched DNA molecules [15]. In DNA-protein interaction studies, protein interactions 
are measured from a single DNA molecule. In DNA mapping, statistical data on location 
of specific sequences along the strand is gathered from hundreds of immobilized and 
stretched DNA molecules.  
In existing methods, immobilization is carried out as the first step, followed by 
stretching of the DNA strand. Typically immobilization is performed by one of the 
following methods: chemical modification of the ends of DNA to enable attachment of 
the ends to a surface such as an electrode [26], attachment of the ends of DNA to a micro 
bead and subsequent optical or magnetic trapping of the bead [27], attachment of the 
DNA to a hydrophobic surface driven by hydrophobic-hydrophobic interactions [28], or 
attachment of the DNA to a positively charged surface driven by electro-static 
interactions [29]. Stretching is performed by a force exerted by either one of the sources: 
laser, magnet, entropy, fluid flow, and electric field. The length of the elongated strand 
depends on the force exerted on the DNA molecule. In this section, fluorescent and non-
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fluorescent techniques of single-molecule analysis are presented and their applications to 
DNA mapping and protein interaction studies are discussed. Methods utilizing laser and 
magnetic field detect biomolecules though a force feedback mechanism and are classified 
as non-fluorescent techniques. DNA molecules manipulated by electric field, fluid flow 
and entropic force are detected using fluorescent microscopy.   
1.2.1. Non-Fluorescent Based Single-Molecule DNA Analysis 
In optical tweezers method, the micro-beads attached to the ends of DNA 
molecules by chemical modification are trapped in a laser light. A laser beam is focused 
through a high numerical aperture microscope objective, creating forces on the bead in all 
directions. Two types of force, gradient and scattering forces, are produced since the laser 
light can be both transmitted and reflected from the bead. The forces balance when the 
bead is centered at the point of maximum light intensity, and when the bead drifts from 
this position, the resulting unbalanced force pushes the bead back into the center of focus 
of the beam, trapping the bead at the focal point of the laser. One end of the DNA 
molecule is fixed to the substrate and the beaded end is pulled by the laser [30]. The 
DNA strand unravels as the bead moves away from the surface. Force exerted on the 
stretched DNA molecule by protein interactions causes the bead to shift from its trapped 
position. Protein interactions are quantified by converting the shift to an equivalent force, 
typically in the order of fN to pN. Optical tweezers are primarily used to quantify forces 
driving DNA-protein interactions [31]. The experiments are performed in flow cells and 
do not rely on fluorescent detection but on forces detected by the trapping laser. Only one 
DNA molecule can be immobilized and stretched during the experiment, as the laser is 
capable of trapping only one bead. 
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Magnetic tweezers operate similarly to optical tweezers, the difference being the 
trapping force is derived from magnets [32]. Typically one end of the DNA molecule is 
attached to substrate and the other end is attached to a magnetic bead. The bead is trapped 
in an electromagnetic gradient generated by the magnets. Experiments are performed on 
open substrates and do not rely on fluorescent detection but on forces detected by the 
magnetic trap. Magnetic tweezers manipulate only one DNA molecule during an 
experiment and are primarily used for DNA-protein interaction studies [33].  
1.2.2. Fluorescent Based Single-Molecule DNA Analysis 
In fluorescent based single-molecule analysis, imaging is performed after 
immobilization and stretching of DNA molecules. The immobilization and stretching is 
typically performed either on open substrates or in sealed channels. One of the 
fluorescent based techniques uses ac field applied across microfabricated electrodes to 
immobilize and stretch DNA molecules [34]. Spatially varying ac field lead to molecular 
movement induced by polarization, which is known as dielectrophoresis (DEP). In order 
to overcome the random thermal forces experienced by the DNA in solution, the electric 
field required for stretching is typically very high ~106 V/m. This force can be generated 
using microfabricated electrodes, since gaps between electrodes can be made small. 
Often in such experiments, one end of the DNA molecule is first immobilized on one 
electrode, followed by stretching the other end using an ac field [34]. The DNA 
molecules are attached to the electrodes either by using an electrochemical process or 
thiol labeling at the ends of the DNA molecules [35]. This method is capable of analyzing 
multiple DNA molecules in a single experiment and has been used in studies of protein 
motion along the DNA strands [5]. However, the number of DNA molecules immobilized 
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is not sufficient to perform DNA mapping. The current ac field techniques suffer from 
inefficient immobilization of DNA molecules to the electrodes, which results in either 
DNA immobilization at random locations on electrodes [34] or very few DNA 
immobilized on electrodes [35]. In some cases immobilization is performed after 
chemical modifications to DNA molecules and electrode surface [36]. 
DNA molecules can also be stretched using force generated from either fluid flow 
or air-fluid meniscus. Typically, in fluid flow based stretching techniques DNA 
molecules are immobilized either on a hydrophobic surface or on a positively charged 
surface. DNA combing method uses the hydrophobic nature of DNA to interact with a 
hydrophobic surface to obtain immobilization [37]. The combing method is carried out in 
three steps. In the first step the DNA is mixed in a buffer solution at pH of 5-7, below the 
physiological pH of 8.0 in order to slightly denature DNA causing the exposure of 
hydrophobic bases to the solvent. In the second step a hydrophobic substrate is dipped 
into the DNA-containing solution and as the last step the substrate is slowly pulled out of 
the solution, leaving highly aligned DNA molecules firmly attached to the substrate. The 
stretching and anchoring of the DNA is believed to come about in the following way. 
First, a free end of the DNA sticks to the hydrophobic substrate, presumably due to its 
affinity to the exposed hydrophobic bases at the end of the DNA; then the DNA molecule 
is stretched out by the force exerted on the rest of the DNA by the receding meniscus; 
and finally the other end also sticks to the substrate as it dries.  
DNA combing generates hundreds of immobilized and stretched DNA molecules 
on an open substrate. The force exerted on the DNA by the receding water meniscus is 
strong enough to “overstretch” the dsDNA by as much as 60% beyond the length of its 
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native double helix structure. Overstretching is not desirable as it hinders the interactions 
of DNA strands with proteins and fluorescent labels. This method is primarily used in 
DNA mapping of sequences between 7 to 150 kbp using sequence specific fluorescent 
labels [38]. Smaller sequences cannot be detected since the force exerted on the DNA 
molecule is large enough to denature smaller fluorescent labels. Mapping is performed by 
first immobilizing the DNA molecules followed by denaturing the double strand resulting 
in  two single strands. The single strands are hybridized with the fluorescent labels at 
specific sequences and their positions are scanned using a fluorescent microscope. The 
method requires extensive processing steps and is incapable of detecting small sequences. 
It nevertheless demonstrates the power of single-molecule DNA mapping as it avoides 
the costly and time consuming step of enzymatic synthesis of bases, which is an integral 
step in the PCR technique. 
Positive charge surfaces have also been used to immobilize DNA molecules. An 
aminopropyltriethoxy silane (APTES) treated glass surface results in a monolayer of 
positively charged –NH2 on the surface. The negatively charged DNA molecules are 
attached to the APTES coated surface [39] followed by stretching the DNA strand using 
fluid flow. Hundreds of immobilized and stretched DNA molecules are generated on the 
glass surface. High resolution DNA mapping of 6 bp sequences has been demonstrated 
using this method. DNA-protein interactions cannot be performed as the entire DNA 
strand is fixed to the substrate leaving little room for protein motion [24].  A second 
drawback is that the coating of APTES is non-uniform over a large surface area, resulting 
in non-uniform DNA immobilization [40]. The silane coated glass surface is sensitive to 
dust particles and must be preserved in an ethanol solution when not in use [40]. 
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Entropy based force is also used to perform DNA stretching. For example, 50 kb 
DNA molecules unravel to over half the contour length in channels of widths <100 nm 
have been demonstrated. The walls of the nanochannels constrain the DNA molecules, 
forcing them to remain stretched [41]. This phenomenon is referred to as entropy. The 
length of the DNA molecules increases with decrease in cross-section of the 
nanochannels. DNA mapping has been demonstrated in nanochannels. DNA molecules 
are continuously driven into the nanochannels using electric field. Sufficient numbers of 
DNA molecules are analyzed to obtain a statistical distribution of sequences along the 
DNA strand. Nanofluidic systems have also been used to study DNA-protein interactions 
[ 42 ]. The locations of protein binding along the DNA strands are detected in 
nanochannels.    
While the entropic method of stretching DNA molecules overcomes the 
drawbacks of surface interactions and overstretching, current nanofluidic systems have 
limitations when used for performing DNA mapping and DNA-protein interaction studies. 
The number of DNA molecules driven into the nanochannels by electric field is limited, 
resulting in low throughput of DNA analysis. The DNA molecules are often broken when 
forced into the channels. Current nanofluidic systems lack control over the placement of 
DNA molecules in the channels. Hence, protein interaction studies at specific sequences 
on the DNA strand cannot be performed.   
1.3. DNA Analysis in Integrated Fluidic Systems 
DNA molecules are analyzed at single-molecule level with and without 
fluorescence detection. In non-fluorescent based techniques, one DNA molecule is 
stretched during an experiment and all biomolecules are detected using a force feedback 
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mechanism. These techniques have provided a wealth of information on forces driving 
DNA-protein interactions. However, they are not applicable to DNA mapping and DNA-
protein interaction studies such as protein translocation along the DNA strand, which can 
be detected only using fluorescence. On the other hand, fluorescent based techniques 
such as DNA combing suffer from over stretching. The method is incapable of high-
resolution DNA mapping and DNA-protein interaction studies. While current nanofluidic 
systems prevent overstretching of DNA molecules, they require electric field to drive 
DNA molecules into the channels, which limits the throughput and causes breakage of 
DNA molecules. In addition, the position of DNA molecules cannot be controlled in 
nanochannels.  
 
In this work, we focused on fluorescence based single-molecule DNA analysis in 
micro- and nano-fluidic systems. Our efforts are geared towards developing integrated 
fluidic systems that would allow single-molecule DNA analysis to be performed in 
micro- and nano-channels for DNA mapping and DNA-protein interaction studies at 
specific location on the DNA strands. Integrated fluidic systems are fabricated where 
electrodes are integrated with micro- and nano-channels. We have developed methods 
that allow fluid flow and electric field in the channels to control DNA immobilization and 
motion. These methods help overcome the limitations of existing techniques such as low 
throughput DNA mapping and uncontrolled positioning of DNA molecules in channels.  
1.3.1. DNA Immobilization in Microchannels for High Throughput Analysis  
We have developed a DNA immobilization technique in microchannels called 
protein assisted DNA immobilization (PADI) that allows high throughput single-
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molecule analysis to be performed in microfluidic systems [43]. Applying microfluidic 
flow to perform DNA stretching offers several advantages. First, overstretching is 
avoided in microchannels by using shear flow to stretch DNA molecules. It has been 
shown that shear flow does not stretch DNA molecules beyond the full DNA length [44]. 
Second, a capillary flow is used to introduce DNA molecules in the microchannel, which 
results in immobilization of hundreds of stretched DNA molecules within minutes. The 
throughput is higher compared to nanofluidic systems where DNA molecules are driven 
into the channels using an electric field. The immobilization process in the PADI 
technique uses DNA-interacting proteins that bind to the DNA molecules and immobilize 
on the hydrophobic surface of the microchannels. Since no surface treatment is required, 
this technique produces repeatable and uniform DNA immobilization. The PADI 
technique can also be used to perform fluorescent-based DNA-protein interaction 
experiments, since the degree of immobilization of the DNA strand to the surface can be 
controlled by varying the concentration of DNA-interacting proteins. 
1.3.2. Electric Field Controlled DNA Motion and Immobilization in Integrated 
Fluidic System 
In all the existing single-molecule techniques, proteins randomly diffuse in 
solution and interact with DNA molecules. To date, control over the location of protein 
interactions with the DNA molecules has not been possible due to the lack of a 
technology capable of precise placement of stretched DNA molecules in channels. The 
electric field method is a promising tool to control the placement of stretched DNA 
molecules since the DNA molecules are negatively charged, and they can be polarized by 
an electric field.  
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Current electric field based techniques lack control over the placement of 
stretched DNA molecules and only a few DNA molecules are immobilized on the 
electrodes. On the other hand, large numbers of DNA molecules are immobilized on the 
electrodes present on an open substrate by extensive chemical modifications to DNA 
molecules and electrode surface. The chemical modifications to the electrodes require 
heating cycles upto 100 °C [36].  At this temperature, fluidic systems made of polymer 
tend to flow and possibly causing damage to the systems. Hence performing DNA 
immobilization by chemical modification of electrodes integrated with channels in fluidic 
systems made of typical polymer is not practical. 
We have developed an integrated fluidic system in which electrodes are integrated 
with Si micro- and nano-channels [45]. The system is fabricated by bonding the 
electrodes on a glass substrate to channels in Si using PMMA as an adhesive layer. 
PMMA bonding does not clog small channels during the bonding process. The PMMA 
bond strength is sufficient to withstand the capillary pressure in the nanochannels. These 
features enabled us to integrate electrodes in nanochannels while maintaining the 
integrity of the channels. The fluidic system has good wetting property, enabling the 
pumping of fluid into the channels by the capillary action. This obviates the need for 
high-pressure syringe pump or electric field to force the fluid and suspended particles 
into micro- and nano-channels.  
Using an appropriate electrode design and fluid with the desired pH, large 
numbers of DNA molecules are immobilized at specific location on the electrodes. The 
DNA molecules are immobilized without any chemical modification either to the ends of 
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DNA or the surface of the electrodes. This feature enabled us to immobilize DNA 
molecules on electrodes integrated with sealed micro- and nano-channels.  
We have also developed an approach to control the motion and position of DNA 
molecules using an ac voltage in integrated channels [46]. The two most common forces 
to move particles in channels are electro-osmosis and pressure gradient. Electro-osmosis 
typically requires large dc voltage across a channel to generate a fluid flow that moves 
the particles in the channel [47]. In pressure driven flow, the pressure required to generate 
flow increases as channel dimensions reduce [48]. Using asymmetrical electrodes in 
microfluidic channels, ac electro-osmotic fluid pumping has been demonstrated where 
fluid flow along the channels is generated by the electric field [49]. A drawback of 
having fluid flow along the channels is that the resistance to flow increases in smaller 
channels. In this thesis, we have demonstrated ac field induced motion of DNA 
molecules in micro- and nano-channels. The motion is caused by the interactions of 
electric field with the particles and not due to field induced fluid flow along the channels. 
Compared to particles moved by fluid flow in the channels induced by applied pressure 
or voltage, moving only the particles and not the fluid makes it easier to move particles in 
channels with smaller dimensions and to precisely position DNA molecules in the 
channels. The velocity of the particles is controlled by the magnitude of the voltage. The 
position of the DNA molecules in nanochannels is precisely controlled by using a dual 
electrode pair system. The two electrode pairs enable the direction of the particles in the 
channels to be controlled and allow the particles to be transported to a specific location in 
the channels.   
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The content and structure of the rest of this dissertation are described as follows. 
In chapter 2, the fabrication of the integrated fluidic system for single-molecule DNA 
analysis will be described. The wetting property and sealing of the fluidic system are 
characterized. In chapter 3, DNA immobilization method in microchannels using DNA-
interacting proteins will be presented. Results of DNA mapping and DNA-protein 
interactions in microchannels will also be discussed. In chapter 4, electric field is used to 
immobilize and stretch DNA molecules at specific location in the fluidic system. The 
position of DNA molecules in channels is controlled using an ac voltage. In chapter 5, the 
mechanisms related to ac voltage induced motion of DNA molecules and 20 nm 
polystyrene particles will be discussed. Through simulations and experimental results, it 
is shown that the motion of the particles is caused by the interactions of electric field with 
the particles. In chapter 6, the thesis is summarized and future plans to develop the next 













FABRICATION OF INTEGRATED FLUIDIC SYSTEMS FOR SINGLE 
MOLECULE DNA ANALYSIS 
2.1. Introduction 
DNA immobilization and stretching at specific locations in micro- and nano-
channels will enable DNA-protein interaction studies that cannot be performed with 
existing methods. For example, DNA-protein interaction studies at specific sequences on 
a DNA strand can be performed by precise placement of stretched DNA molecules in 
nanochannels.  
Current single-molecule techniques lack the capability of controlling the position 
of stretched DNA molecules in channels [50]. Electric field is a promising tool to control 
the spatial location of the DNA molecules. The DNA stretched length can also be 
controlled by varying the magnitude of voltage [45]. Due to the negative charge of DNA 
molecules, they are readily polarized by electric field and hence their positions and 
stretched lengths can be controlled using an appropriate electric field distribution in the 
channels.  
Microfabricated electrodes integrated with micro- and nano-channels allow 
electric field to be applied in the channels. A number of fabrication techniques exist to 
integrate electrodes in microchannels, however, integrated nanochannels have not been 
demonstrated yet [51]. Current fabrication processes often require nanochannel sealing 
with a planar substrate [52], hence they cannot be applied to integrate structures such as 
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electrodes in the sealed nanochannels. 3-dimensional SU-8 (Microchem, MA) 
nanochannels have been demonstrated using reversal nanoimprint [ 53 ]. Existing 
integrated microfluidic systems are often fabricated from hydrophobic polymers [51]. 
Hydrophobic channels require cumbersome techniques such as electro-osmosis [51] and 
the application of pressure gradient [54] to generate fluid flow. A new fabrication 
technology is developed to realize integrated nanochannels with good wetting property.        
We have developed a fabrication technology to integrate electrodes in sealed Si 
micro- and nano-channels. The Si channels are hydrophilic, enabling DNA molecules and 
their surrounding fluid to be introduced into the micro- and nano-channels by capillary 
action. Electrodes integrated with sealed micro- and nano-channels do not compromise 
the channel sealing. The sealed channels are capable of withstanding high capillary 
pressure up to  ~3 MPa.  
In this chapter the fabrication technology for the integrated fluidic system will be 
introduced in section 2.2. Fabrication of an integrated fluidic system that enables control 
of the motion of DNA molecules outside the electrodes is also presented in section 2.2. 
Characterization results of bond strength, sealing, and wetting of the fluidic system are 
presented in section 2.3.  
2.2. Fabrication of Integrated Fluidic System 
Fabrication of fluidic systems generally involves several processes such as 
lithography, thin film deposition, wafer bonding, and etching [55]. Lithography is 
performed to define micro- and nano-channels on the substrate followed by etching the 
channels into the substrate. Wafer bonding is performed to seal the micro- and nano-
channels with a second substrate. In this section, we discuss wafer bonding applied to 
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sealing of the micro- and nano-channels followed by fabrication technology of our 
integrated fluidic system. Successful fabrication of integrated micro- and nano-fluidic 
systems is demonstrated. 
2.2.1. Wafer Bonding  
Several bonding techniques have been developed for fabrication of MEMS 
systems such as anodic bonding, polymer bonding, and eutectic bonding [56]. Anodic 
[57] and polymer bonding [58] are often used to seal fluidic channels. In anodic bonding, 
a pyrex glass wafer is bonded to Si channels by applying voltage and temperature. The 
voltage allows electrostatic attraction of Si and glass surfaces to maintain a good contact 
necessary for uniform bonding. Anodic bonding is very sensitive to surface non-
uniformities, therefore it is not applicable to systems with structures such as electrodes 
deposited on either the Si or glass surface. On the other hand, polymer bonding is 
insensitive to surface non-uniformities, since the polymer flows during the bonding 
process, thereby planarizing the surface [58]. In addition, a thicker polymer layer can be 
spin coated on the structures present on the substrate, resulting in a planar polymer 
coating. This results in a homogenous contact of the polymer surface with a second 
substrate, enabling uniform bonding. Another advantage of polymer bonding is that it is 
compatible with materials having different linear expansion coefficient. However, using 
polymer as an intermediate layer for bonding results in a gap between the substrates and 
reduces the channel confinement. Moreover, sealing small channels using polymers is a 
challenging task since polymers tend to flow into the nanochannels, resulting in blockage 
during bonding.  
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Several polymers such as polymethylmethacrylate (PMMA) [51], 
polydimethylsiloxane (PDMS) [59], and SU-8 [60] are regularly used to seal microfluidic 
systems. However their application to seal nanochannels has to be carefully characterized 
to prevent blockage of the channels due to polymer flow. SU-8 sealing of nanochannels 
has been demonstrated using UV cross-linking to ensure the SU-8 does not block the 
channels [53]. Performing cross-linking and thermal bonding in the same step cannot be 
carried out in standard thermal bonders and requires specialized equipment such as a 
nanoimprinter.  
PDMS is an elastomer, commonly used to duplicate channels from a mold. 
Following duplication, the PDMS channels are sealed with a glass substrate. Fabrication 
of PDMS microchannels is a simple technology that does not require clean room 
processing. However, PDMS cannot be used to seal channels <500 nm in width or depth 
since the PDMS tends to sag into small channels [59].  
It has been demonstrated that PMMA is capable of sealing small channels [61]. 
Due to its high viscosity at low temperature, it does not clog the small channels during 
the bonding process [62]. We have used 950 K PMMA to seal micro- and nano-channels 
with integrated electrodes. These sealed channels have good wetting property with 
dimensions as small as 350 nm wide and 100 nm deep. Fluid filling by capillary action in 
the integrated channels is demonstrated and the channels have no leakage in the presence 
of electrodes. 
2.2.2. Fabrication Technology of Integrated Fluidic System 
Fig. 2.1 shows the fabrication technology of integrating electrodes with Si 
channels by bonding Si and glass substrates using PMMA as an adhesive layer [46]. The 
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100 µm thick glass is cleaned in a 1:1 H2SO4:H2O2 solution for 20 min, followed by 
dehydration bake at 200 °C for 1 h. 20/50 nm thick Cr/Au layer is deposited on glass and 
patterned using optical lithography and wet etching, as shown in Fig. 2.1(a). It is 
important to ensure that no photoresist residue is left on the glass since this will result in 
poor bonding. The glass is dehydrated again at 200 °C for 1 h. 6% 950K PMMA is 
spincoated on the glass with patterned electrodes to a thickness of 600 nm, as shown in 
Fig. 2.1(b). 10 nm thick Ti layer is evaporated on the PMMA to define areas over which 
the PMMA is etched, as shown in Fig. 2.1(c). The thin Ti layer prevents the solvents in 
the photoresist and the PMMA layers from interacting with each other. Following 
photoresist patterning, the Ti layer is etched in 20:1:1 H2O:H2O2:HF solution. The 
exposed PMMA is then etched in an O2 plasma with 100 W rf power, 250 mTorr, and 
100 sccm of O2 for 12 min as shown in Fig. 2.1(d). The photoresist and Ti layers are 










Fig. 2.1 Schematic of fabrication technology of integrated fluidic system by bonding Si 




The channels are etched in a Si substrate using plasma etching. Fluidic ports of 
300 µm diameter to access the channels are defined by etching through the 550 µm thick 
Si substrate using similar etch conditions with total etch time of 3 h. The Si substrate with 
the etched channels and fluidic ports are cleaned in 1:1 H2SO4:H2O2 before bonding. The 
Si and glass substrates are first aligned and then transferred to the bonder for bonding. 
Bonding is carried out in vacuum at 75 Torr. This prevents the formation of air gaps and 
helps to improve the contact uniformity across the substrate. The bonding is performed 
above the glass transition temperature of PMMA (109 °C) for 15 min at a pressure of 0.4 
MPa, resulting in electrodes integrated with fluidic channels as illustrated in Fig. 2.1(f).  
2.2.2.1. Integrated Microfluidic System 
Figure 2.2 is an optical micrograph of an integrated microfluidic system with two 
intersecting channels. The system consists of electrodes on a 100 µm thick glass aligned 
and bonded to a Si substrate containing channels perpendicular to each other. Channels 
are etched in Si using deep Si etching process consisting of alternate etch and passivation 
steps. The etch process is switched between the SF6 etch step and the C4F8 passivation 
step to obtain fast Si etch rate and vertical etch profile. A source power of 75 W and a 
stage power of 12 W are used at 26 mTorr with 105 sccm SF6 in the 14-s etch cycles. A 
75 W source power is applied with no stage power at 16 mTorr and 40 sccm C4F8 in the 
4-s passivation cycles. Conditions used for bonding the substrates are 110 °C and 0.4 
MPa for 15 min at 75 Torr.  The Cr/Au electrodes on the glass are 20/50 nm thick. The 
electrode pair consists of a sharp and a straight edge electrodes separated by 30 µm. The 













Fig. 2.2 20/50 nm thick Cr/Au electrodes on 100 µm thick glass bonded to 30 µm deep, 3 
and 10 µm wide Si channels.  
2.2.2.2. Integrated Nanofluidic System 
PMMA bonding is used to seal nanochannels, thus giving us the capability to 
integrate electrodes in channels with smaller dimensions. We demonstrate fluidic systems 
where electrodes are integrated with 350 nm wide and 100 nm deep Si channels. 350 nm 
wide channels are fabricated in Si by first transferring the patterns from a Si mold to the 
Si substrate using nanoimprint followed by dry etching. Mold with nanochannels is 
imprinted on 400 nm thick PMMA spun on a Si substrate at 180 °C and 4 MPa for 15 
min. The channels are transferred to the Si substrate with dry etching using Cl2 with 
600/100 W rf power and 5 mTorr for 45 s. Fluidic ports of 300 µm in diameter are etched 
through the entire Si substrate by dry etching in SF6 and C4F8 for 3 h using alternating 
etch and passivation cycles. A source power of 100 W and a stage power of 40 W are 
used at 26 mTorr with 105 sccm SF6 in the 14-s etch cycles. A 400 W source power is 
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applied with no stage power at 16 mTorr and 40 sccm C4F8 in the 7-s passivation cycles. 
The Si substrate with the etched channels and fluidic ports are cleaned in 1:1 H2SO4:H2O2 
before bonding. The Si and glass substrates are aligned and bonded in vacuum at 75 Torr.  
Figure 2.3 shows an optical micrograph of Cr/Au electrodes integrated with 350 nm wide 
and 100 nm deep channels. PMMA bonding allows sealing of small channels without the 
polymer clogging the channels. The PMMA in the electrode gap is etched, which exposes 
the electrodes to the fluid and DNA molecules in the channels, thus enabling the electric 
field to influence and control the DNA molecules in channels. 
Fig. 2.3 20/50 nm thick Cr/Au electrodes on glass integrated with 350 nm wide, 100 nm 
deep Si nanochannels using PMMA bonding.  
2.2.2.3. Wide Channel Interfaced to Narrow Channel Array  
A fluidic system is fabricated to introduce DNA molecules in narrow channels 
and control the motion of molecules using integrated electrodes. In order to introduce 
DNA molecules in 1 µm wide and 400 nm deep channel array, it is interfaced to a 150 
µm wide and 1 µm deep channel as shown in Fig 2.4. The DNA molecules are partially 
stretched by the flow in the wider channel before arriving at the interface and this allows 
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greater number of DNA molecules to enter the narrow channels compared to if the DNA 
molecules were in the coiled state. The PMMA is etched over the electrodes, allowing 
electric field to control the velocity of DNA molecules in the 1 µm wide channel array. 
However, the PMMA is not etched over the channel array to maintain confinement of the 











Fig. 2.4 Fluidic system with 150 µm wide channel connected to 1 µm wide channel array.  
Integrated electrodes in 150 µm wide channel control motion of DNA molecules in 1 µm 
wide channel array.  
2.2.2.4. External Connections to Fluidic System  
DNA and protein molecules are introduced into the channels at controlled flow 
rate using a syringe pump. The pump is connected to the fluidic ports in the Si substrate 
through a PDMS interface. The PDMS interface is prepared by mixing the PDMS 
silicone elastomer base with a cross-linking agent, followed by heating the mixture at 
50 °C for 4 h. The heating cross-links the PDMS mixture and it is solidified. This 
hardened PDMS mixture is cut to a size of 2 × 2 mm2 and 500 µm diameter holes are 
Electrodes 1 µm Wide, 400 nm Deep Channel Array 




punched through the PDMS. The PDMS pieces are glued to the Si substrate using an UV 
curable adhesive. A fluidic connector from the syringe pump is fixed to the fluidic ports 
in the Si substrate through the PDMS interface. The flow rate in the system is controlled 
by varying the values in the syringe pump.      
Fluorescent labeled particles and biomolecules in the channels are imaged using a 
Nikon TE2000 inverted fluorescence microscope and a front-illuminated charge-coupled 
device camera with a minimum integration time of 100 ms for each frame. The 
illumination is performed through an objective piece located at the base of the 
microscope. The fluidic system with the glass substrate facing the microscope base is 
placed on the objective piece and focused manually towards the channels. The Si 
substrate faces upwards, thereby the fluidic ports in Si are accessible for fluid injection 
from the top. Following DNA/protein injection into the channels, images of the 
molecules in the channels are captured by the camera typically with an integration time of 
100 ms. The captured image is then displayed using a software provided by the 
microscope supplier.  
2.3. Characterization of Fluidic System 
The bond strength, channel wetting and sealing of the fluidic system are 
characterized. The bond strength should be high enough to withstand capillary pressure 
during operation. A pressure gradient across the air-fluid meniscus exists during the 
capillary filling of the channels. The pressure increases with reducing channel dimensions. 
The relationship between capillary pressure Δp and the channel dimensions is given by 







                                                       (2.1) 
where γ is surface tension of fluid in air, θ is contact angle of fluid with channel surface, 
and r is given by: 





                                                               (2.2) 
where w is channel width and d is channel depth. For example, with DI water in 100 nm 
deep channels, the capillary pressure can reach upto 1 MPa. The bond strength should be 
greater than the capillary pressure to avoid fluid leakage. When the channels are properly 
sealed in the fluidic system both the fluid and the suspended particles are well confined in 
the channels during the operation. With the developed bonding technology, we have 
demonstrated the sealing of nanochannels with integrated electrodes. 
Another important feature of fluidic system is the wetting property of the channels. 
In hydrophobic fluidic systems, fluid is pumped into the channels either by pressure 
gradient or electro-osmosis. As the channel dimensions are reduced, higher pressure is 
required to pump fluid through the channels since the fluid resistance increases with 
decreasing channel dimensions. Electro-osmosis requires large dc voltage to generate 
fluid flow in channels, which often results in bubble formation. On the other hand in 
hydrophilic channels, capillary force can be used to fill the channels and generate 
continuous fluid flow. This obviates the need for high pressure gradient and large dc 
voltage to drive fluid in the channels. We measured the wetting property of the fluidic 
system by monitoring the velocity of the capillary meniscus during filling of 50 and 100 
nm deep channels.  
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2.3.1. Bond Strength Measurements 
Bond strength is measured to optimize the bonding conditions using PMMA as an 
adhesive layer. Figure 2.5 shows the variation of the bond strength with temperature. The 
Si and glass substrates are bonded with 600 nm thick PMMA at different temperatures for 
15 min, applying 0.4 MPa pressure at 75 Torr vacuum. The bonded substrates are diced 
into 3.75 × 2.5 cm2 chips, and are glued in between two metal fixtures. The size of the 
metal fixtures is slightly less than the bonded chips to ensure that the glue from the 
fixtures would not glue the fixtures together. By using a pull tester, the bonded chips are 
separated and the force required to separate them is measured. The bond strength 






























Fig. 2.5 Bond strengths at different temperatures for Si and glass substrates bonded using 




The maximum bond strength of 3 MPa is obtained by bonding at 110 °C. The 
initial increase of bond strength with temperature is due to the added mobility of the 
polymer chains leading to increase in interactions between the PMMA chains and the Si 
surface. At higher temperature, the bond strength begins to decrease, probably due to the 
mismatch of the linear expansion coefficients between the glass and Si, which results in 
stress being produced during bonding. After the Si and glass substrates are separated by 
the pull test, it is observed more than 80% of the Si surface is covered with PMMA. This 
indicates that the PMMA-to-Si bonding is stronger than the PMMA-to-glass bonding.  
The dependence of bond strength between Si and glass on PMMA thickness is 
also investigated. The PMMA thickness is varied from of 100 nm to 1.5 µm. The bonding 
is carried out at 110 °C and 0.4 MPa pressure for 15 min at 75 Torr vacuum. Figure 2.6 
shows the variation of bond strength for different PMMA thicknesses. For a 100 nm thick 



























Fig. 2.6 Dependence of bond strength on PMMA thickness. Bonding is carried out at 




This may be explained due to the fact that thicker layer of PMMA better 
planarises the glass surface and provides better contact with the Si surface. The 100 µm 
thick glass being so thin is easily deformed during processing. The bond strength is 
higher for thicker PMMA layer since it can provide some compensation to the glass 
deformation. With 600 nm thick PMMA, the bond strength is 3.0 MPa compared to the 
lower bond strength of 1.3 MPa with 100 nm thick PMMA.  
2.3.2. Sealing of Integrated Channels 
The sealing of 350 nm wide, 100 nm deep Si channels with electrodes is 
demonstrated in Fig. 2.7.  
Fig. 2.7 λ-DNA molecules at 5 pM concentration in TRIS-EDTA buffer (pH=8.0, σ=150 
µS/cm) at equilibrium in 350 nm wide, 100 nm deep horizontal channels integrated with 
vertical Cr/Au electrodes. 
5 pM λ-DNA molecules in tris-ethylenediamine tetraacetic acid (TRIS-EDTA) buffer (1 
mM, pH=8.0, σ=150 µS/cm) are introduced into the channels at the inlet fluidic port, 
where they are subsequently pumped through the channels due to evaporation from the 
outlet end. After a number of DNA pass through the channels, the pumping is stopped by 
hydrating the outlet end with the same buffer. Figure 2.7 shows λ-DNA molecules 
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partially stretched at equilibrium in channels next to an integrated electrode. The DNA 
molecules are in straight lines and they are well confined in the channels. Thus we have 
demonstrated a fluidic system where nanochannels are integrated with electrodes and in 
subsequent sections we will demonstrate control over the position and motion of DNA 
molecules in similar channels.  
2.3.3. Wetting of Channels 
To observe the fluid flow in the channels, the meniscus in motion is recorded. 
Spontaneous filling of the channels by DI water due to capillarity induced pressure is 
observed. Capillary pressure depends on the surface properties of the channel sidewalls 
and the dimensions of the channels. In our sealed fluidic system, 3 channel walls are 
compromised of –OH terminated Si surface that are hydrophilic, and one sidewall is 
PMMA which is hydrophobic. The PMMA-to-Si bonding provides a tight seal without 
any fluid leakage. 
100 nm deep Si channels with widths ranging from 3 to 100 µm are filled with DI 
water through the fluidic ports at the ends of the channel. The fluid is instantly sucked 
into the channels by the capillary force, indicating that the PMMA does not flow into the 
channels during the bonding process and there is no problem of PMMA clogging even for 
small channels of 100 nm deep. The position of the capillary meniscus inside the 
channels is recorded as a function of time as shown in the Fig. 2.8. The flow velocity 
decreases with time. It is 0.65 mm/s initially for the 50 µm wide channels, and it 
decreases to 0.29 mm/s after 3 s.  This is due to the fact that while the capillary force 
driving the flow remains constant, the amount of fluid being pulled along which 
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increases with channel width since the resistance to the fluid is less for wider channels. 
The 100 µm wide channel has a flow velocity of 0.36 mm/s after 3 s, while the 50 µm 
wide channel shows a lower flow velocity of 0.29 mm/s. 
 
 
Fig. 2.8 DI water flow as a function of time in 50 and 100 µm wide, 100 nm deep Si 
channels.  
The capillary force Fc driving the fluid in a sealed channel is expressed as [64]:  
  
where d is channel depth, w is channel width, γsa is surface tension between channel 
surface and air, and γsl is surface tension between channel surface and fluid. For given 
fluid and channels, the capillary force is directly proportional to the channel dimensions. 
Hence, the capillary filling velocity is higher in wider channel as seen in Fig. 2.8. The 
velocity does not scale proportionally with the channel width in spite of increase in 
capillary force with width. The reason is due to increase in volume of fluid in the channel, 




DNA molecules are introduced into the fluidic system by capillary action of 
hydrophilic Si channels. Figure 2.9 shows T2-DNA molecules driven into the channels 
by the capillary action. 5 pM T2-DNA molecules in TRIS-EDTA buffer (1 mM, pH=8.0, 
σ=150 µS/cm) are introduced at the inlet of the channels, while the outlet is open to air. 
The DNA molecules immediately enter the channels due to the capillary action and they 
are subsequently pumped through the channels due to evaporation from the outlet port. 
The DNA molecule is partially stretched near the entrance of the channel array. Once 
inside the channel, it is in a stretched state due to the entropic force present in the channel 
and the hydrodynamic flow of the fluid. Although this method does not offer control over 
the velocity of DNA molecules, it enables the molecules to be introduced into the 
channels without the need for electrophoresis or pressure driven flow.   
Fig. 2.9 T2-DNA molecules at 5 pM concentration in TRIS-EDTA buffer (1 mM, pH=8.0, 
σ=150 µS/cm) are pumped into 500 nm wide, 100 nm deep channels by capillary force. 
DNA molecules are introduced at inlet port and outlet port is open to air. 
2.4. Conclusion 
In this chapter, the fabrication technology of a fluidic system has been developed 
to integrate electrodes in sealed Si micro- and nano-channels. Electrodes on glass are 
integrated with Si channels by bonding Si to glass using PMMA as an adhesive layer. 
The fabrication technology has been used to realize an integrated fluidic system that 
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enables the control of the motion of DNA molecules in multiple channels using an ac 
electric field. Channels sealed with PMMA can withstand capillary pressure above 3 MPa. 
Electrodes are integrated with nanochannels without fluid leakage. The Si micro- and 
nano-channels exhibit good wetting property and DNA molecules are introduced in 350 
nm wide channels using capillary flow. The fabrication technology has been used to 
realize an integrated fluidic system that enables the control of the DNA motion in 




IMMOBILIZATION OF DNA MOLECULES IN MICROCHANNELS FOR 
HIGH THROUGHPUT SINGLE-MOLECULE ANALYSIS 
3.1. Introduction 
DNA mapping has been used to discover genetic biomarkers for early disease and 
cancer detection [65]. Different technologies are used for DNA mapping and they vary by 
their throughput, cost, and complexity [20]. In bulk technology, DNA mapping by 
sequence detection using PCR amplification offers high throughput [66]. However, due 
to the multiple steps involved in performing PCR, they are costly and complex. On the 
other hand, in single-molecule technologies, the DNA sequences are detected directly, 
without amplification, on individual molecules using fluorescence. Since PCR is not 
performed, single-molecule analysis lowers the cost and complexity compared to bulk 
techniques [67].  
Single-molecule DNA mapping involves analysis of hundreds of immobilized and 
stretched DNA molecules to collect multiple data points on the locations of specific 
sequences along the stretched DNA strands [40]. Statistical analysis on the data is 
performed to eliminate false positives that might occur when sequences are detected at 
incorrect locations on a few of the strands. Current fluid flow based techniques are 
capable of immobilization and stretching of large numbers of DNA molecules [38]. 
However, the DNA molecules are overstretched, which is undesirable since it hinders 
interactions of the DNA molecules with fluorescent labels and proteins that are essential 
to performing mapping [24].  
 
 35 
We present a DNA immobilization technique called protein assisted DNA 
immobilization (PADI) to immobilize and stretch but not overstretch hundreds of DNA 
molecules in microchannels. Performing DNA stretching in microfluidic systems offers 
several advantages. First, overstretching of the DNA molecules is avoided by using shear 
flow of the microchannels to stretch DNA molecules [44]. Second, low concentration of 
DNA molecules is required for analysis [68]. Third, the DNA molecules are confined 
within the channel, enabling easier detection and automated analysis of the DNA 
molecules. 
The PADI technique is capable of high throughput analysis as hundreds of DNA 
molecules are immobilized and stretched rapidly in minutes. Control over the number of 
immobilization points of the strand to the microchannel surface is demonstrated. This 
feature allows optical mapping and DNA-protein interaction studies to be performed in 
the microchannels. Capability for DNA mapping is demonstrated by detecting specific 
sequences along the DNA strand using restriction enzymes. Single-molecule transcription 
is performed on the stretched DNA molecules in the microchannels.      
In this chapter, DNA immobilization using the PADI technique is shown in 
section 3.2, along with the discussions of DNA stretching in fluid flow and protein 
adsorption to surfaces. The number of DNA immobilized in microchannels and the DNA 
stretch length are presented in section 3.3. The ability to perform DNA mapping and 
transcription in microchannels are presented in section 3.4. 
3.2. DNA Immobilization and Stretching  
The forces generated in a fluid flow are able to stretch DNA molecules. The DNA 
stretching dynamics in a fluid flow are analyzed by considering flow as having two 
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components, shear and extensional [44]. The stretched length depends on the component 
influencing the DNA molecules. DNA molecules can be immobilized on surfaces either 
by hydrophobic-hydrophobic or electrostatic interactions. The PADI technique uses 
hydrophobic interactions between DNA-interacting proteins and hydrophobic surface to 
achieve DNA immobilization [43]. There are several methods to generate hydrophobic 
surfaces and one of them is the use of polymers. Proteins have several hydrophobic 
molecules incorporated in them, hence they can adsorb on hydrophobic surfaces by 
hydrophobic-hydrophobic interactions. In this section the mechanism of the PADI 
technique will be described along with DNA stretching dynamics in fluid flow and 
protein adsorption to surfaces. 
3.2.1. Immobilization and Stretching by PADI Technique 
Immobilization of DNA molecules is performed as follows. DNA binding 
proteins such as restriction enzymes or RNA polymerases (RNAP) are allowed to bind to 
the DNA molecules in bulk solution at non-specific segments whereupon they diffuse 
along the DNA in search of target sequences at a rate faster than in a three dimensional 
diffusion-limited search. Whether or not the protein finds a specific binding site on the 
particular DNA strand used, the result is a DNA-protein complex with multiple proteins 
of ~5 nm in size wrapped around each DNA molecule. When this DNA-protein complex 
is subjected to a hydrodynamic flow inside a channel, it stretches out as depicted in the 
Fig. 3.1 .  
When the DNA-protein complex reaches the channel surface, the proteins on the 
DNA adsorb to the surface, resulting in immobilization of the stretched DNA molecule 
inside the channel. Several steps are involved in the PADI technique including 
 
 37 
fabrication of a microfluidic system to generate fluid flow, stretching of DNA-protein 
complex in fluid flow, and protein adsorption to microchannel surface. In each of these 
steps, a number of factors influence DNA immobilization and stretching and they will be 








Fig. 3.1 DNA-interacting proteins (circles) bound to stretched DNA molecules (straight 
lines) adsorb to PMMA coated glass.  
3.2.2. DNA Stretching by Fluid Flow 
DNA molecules experience shear and elongational forces in fluid flow [44]. Fluid 
flow between two parallel stationary plates is an example of pure shear flow. Pure shear 
flow has a velocity gradient perpendicular to the flow direction, since the fluid velocity is 
zero at the plate boundary and maximum at the center of the gap between the two plates. 
A coiled DNA molecule in shear flow is stretched due to the velocity gradient that exerts 
a drag force on the coil. As the strand starts to unravel into a stretched state, the drag 
force on the stretched strand reduces compared to the coiled state, since the surface area 
of the coil is greater than that of a stretched strand. The decrease in force causes the 
strand to recoil. In coiled state, the drag force on the molecule increases again, causing 
the DNA molecule to unravel and the cycle continues between the stretched and the 
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coiled states. Hence the length of the DNA molecule fluctuates when stretched in shear 
flow. It is shown that the maximum average length of the DNA molecule does not exceed 
0.4 times the contour length in shear flow [44].  
DNA molecules experience elongational force in a channel whose fluid flow 
velocity varies along the length of the channel. The fluid flow velocity gradient exerts an 
elongational force on the DNA molecules. For example, when DNA molecules are flown 
into a channel from an inlet port whose cross-sectional area is typically larger than that of 
the channel, the DNA molecules experience elongational force at the boundary of the 
inlet port and the channel [69]. Coiled DNA molecules under the influence of the 
elongational force are stretched by the presence of two gradients. First is the velocity 
gradient perpendicular to fluid flow, as in shear flow. Second is the velocity gradient in 
the direction of fluid flow, as in the case of a channel with varying cross-sectional area. 
Dynamics of DNA stretching by elongational flow is different from shear flow. Unlike in 
shear flow, DNA molecules do not recoil following in the presence of elongational flow. 
Therefore, DNA molecules are stretched to longer length in elongational flow compared 
to shear flow.  
3.2.3. Protein Adsorption in Channels 
Protein adsorption to surfaces is a complex phenomenon involving a number of 
factors that include hydrophobic interaction, electrostatic force, hydrogen bonding, and 
van der waals force between the surface and the protein [70]. Proteins have a complex 
three-dimensional structure and composed of molecules with different properties. A 
typical protein surface is constituted of hydrophobic, hydrophilic, and ionic molecules. 
Hence protein adsorption to surfaces cannot be explained by a single factor but by a 
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combination of forces and interactions. Proteins adsorb on all types of surfaces: metals, 
hydrophobic, hydrophilic, and charged. Adsorption efficiency depends on both the 
properties of the protein and of the surface [71]. A common trend found in most proteins 
is that they adsorb most efficiently on hydrophobic surfaces [72]. Hence hydrophobic 
polymers such as PMMA often adsorb a larger number of proteins compared to 
hydrophilic surfaces such as glass.  
For efficient DNA immobilization using the PADI technique, microfluidic 
systems should have good wetting property to generate high flow rate and the 
microchannels should have hydrophobic surfaces for protein adsorption. The structure 
and materials of the microfluidic system are shown in Fig. 3.2. The system consists of 
microchannels etched in Si and bonded to glass using PMMA as an adhesive layer. The 
glass enables high resolution imaging of DNA and protein molecules immobilized in the 
sealed channel. PMMA serves the dual role of bonding layer and hydrophobic surface 
onto which the DNA-interacting proteins are adsorbed, leading to DNA immobilization. 
Prior to PMMA bonding, the Si channels are cleaned in a 1:1 H2SO4:H2O2 solution, 
which creates a hydrophilic surface. A hydrophilic Si channel surface is important for 
three reasons. First the hydrophilicity of the Si surface prevents immobilization of DNA 
molecules, which reduces background fluorescence thus enabling single-molecule 
imaging of DNA molecules immobilized on the PMMA. Second the hydrophilicity draws 
the buffer solution into the microchannel at high flow rate by capillarity, hence a drop of 
DNA-protein complex introduced at the inlet as shown in Fig. 3.2 is immediately pumped 
into the channel by the capillary action. Finally, 1:1 H2SO4:H2O2 clean activates the Si 
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surface with hydroxyl groups (-OH), enabling strong and uniform PMMA bonding of Si 







Fig. 3.2 Schematic cut-away representation of cross-sectional area of Si microchannel 
bonded to glass using PMMA as adhesive layer. 
3.3. Number of Immobilized DNA and Stretched Length in Microchannels 
High throughput DNA immobilization in microchannels is demonstrated in this 
section. The immobilization process of DNA molecules is captured with total internal 
reflection fluorescence (TIRF) microscopy and fluorescent labeled proteins. The number 
of immobilized DNA molecules and their stretched lengths are analyzed.  
3.3.1. Analysis of Protein Assisted DNA Immobilization Process 
The DNA-protein complex is introduced at one end of the channel using a pipette. 
The fluid is immediately sucked into the channel by capillary action, resulting in rapid 
immobilization of stretched DNA molecules in the channel as shown in Fig. 3.3 (a). The 
inlet end of the channel acts as a reservoir for fluid entering into the channel and the 
outlet end is open to the atmosphere for fluid to evaporate (Fig. 3.2). The continuous 
evaporation of the fluid from the outlet opening drives the fluid from the reservoir into 
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the channel, which results in a continuous flow of the DNA-protein complex into the 
channel.  
The immobilization and stretching process of a single molecule is captured using 
a TIRF microscope. DNA-protein complex is formed by mixing 6.7 pM T7 DNA 
molecules with 5 nM T7 RNAP proteins in TRIS-EDTA (1 mM, pH=8.0, σ=150 µS/cm) 
buffer. The evaporation-driven flow inside the microchannel stretches the DNA-protein 
complex and transports it to the PMMA surface where it initially adsorbs at a single point 
followed by complete attachment (Fig. 3.3 (b)). The DNA is initially out of focus because 
it is attached at one end to the PMMA surface while the rest of backbone is in the 
solution (second image in Fig. 3.3 (b)), where it cannot be seen easily with TIRF (TIRF 
imaging relies on the evanescent wave that decays exponentially with distance, limiting 
the observation region to ~100 nm from the surface). The DNA comes into focus once it 
is completely adsorbed to the surface (third image in Fig. 3.3 (b)).  
The immobilization and stretching process is also demonstrated using labeled 
DNA-interacting proteins. 3 nM RNA polymerase proteins labeled with fluorescent 
molecules are mixed with 0.7 pM T7 DNA molecules in TRIS-EDTA (1 mM, pH=8.0, 
σ=150 µS/cm) buffer in bulk followed by introducing the DNA-protein complex into the 
microchannel. Figure 3.4 shows T7 DNA molecules immobilized on the PMMA-coated 
glass in the microchannel in the presence of T7 RNAP labeled with fluorescent 
antibodies. Each arrow indicates an individual labeled protein molecule that is bound to 
the DNA strand and immobilized on the microchannel surface. Apart from using labeled 
proteins, a denaturing agent such as urea can be used to show that the DNA molecules are 
immobilized by adsorption of the DNA-interacting proteins to the channel surface. Urea 
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can be used to denature proteins, which results in disassociation of the DNA-protein 
complex. If urea is introduced into a microchannel in which DNA molecules are already 
immobilized by the DNA-protein complex, the immobilized DNA molecules could be 
released due to protein denaturation by the interaction with the urea, while the labeled 
proteins remain attached to the channel surface. This would be a further proof that the 







        
 
Fig. 3.3(a) Sequence of images of DNA immobilization and stretching by PADI. T7 
DNA molecules (6.7 pM) were mixed with T7 RNAP (5 nM) and then introduced into 
microchannel. Direction of fluid flow is indicated by arrow. (b) Close-up showing DNA 
molecule adsorbing at one point (indicated by white arrows) followed by complete 






Fig. 3.4 T7 DNA molecules (thin lines, 0.7 pM) immobilized and stretched with 








Different proteins are used for DNA immobilization as shown in Table 3.1. 
Successful T7 and λ-DNA immobilization at 5 pM concentration in TRIS-EDTA (1 mM, 
pH=8.0, σ=150 µS/cm) buffer has been achieved with DNA-interacting proteins such as 
restriction enzymes, as well as DNA and RNA polymerases. Immobilization is not 
observed in the presence of proteins that do not interact with the DNA molecules such as 
bovine serum albumin (BSA) since the DNA-protein complex is not formed. DNA 
molecules are also not immobilized in the absence of proteins due to the lack of DNA-
protein complex. Some of the DNA-interacting proteins listed in the table do not have 
specific recognition sites on DNA molecules, hence non-specific interactions between 
DNA and proteins can be used to immobilize DNA molecules. A pocket presented in the 
structure of the DNA-interacting proteins fits into the DNA strand regardless of the 
sequence. The electrostatic attraction between positive ions in the protein pocket and 
negatively charged DNA strand drives the interactions that cause the protein to bind to 
the DNA molecule.  
Table 3.1 Proteins tested for DNA immobilization. 
Proteins Immobilization 
BamH l, Eco R V, Eco R l, Sma l 
(Restriction Enzymes) YES 
T4 DNA Polymerase 
(DNA Replication) YES 
T7 RNA Polymerase 
(Transcription) YES 
BSA 
(not a DNA-Interacting Protein) NO 
- 




3.3.2. Number of Immobilized DNA Molecule in Microchannels 
Hundreds of DNA molecules can be immobilized and stretched in the 
microchannel using the PADI technique. The capillary action of the microchannel pumps 
the DNA molecules into the channels, resulting in rapid immobilization of stretched 
DNA molecules. Immobilization and stretching of hundreds of DNA molecules is 
achieved in minutes. Figures 3.5 (a) and (b) show the result of immobilized and stretched 
λ-DNA molecules at 5.5 pM  using T7 RNA polymerase at 10nM in TRIS-EDTA (1 mM, 









Fig. 3.5 Images of λ-DNA (5.5 pM) stretched onto PMMA-coated glass in 100 µm width 
and 1 µm deep channel in presence of T7 RNAP (10 nM) (a) at 200 µm from inlet and 
(b) near inlet. Direction of flow is from right to left. 
The number of molecules adsorbed onto the PMMA-coated glass surface was 
counted at various positions in the microchannel as shown in Fig. 3.6. Approximately 
40% of the adsorbed DNA molecules are found within 86 µm (the width of field of view 
when a 100× objective is used) from the inlet for the 100 µm wide and 1 µm deep 









is initially dry and the number of DNA molecules adsorbed after the fluid is introduced 
into the channel exhibits an exponential decay with distance shown in Fig. 3.6, 
presumably because the molecules are depleted from the solution by adsorption near the 
entrance region. Using diffusion-limited adsorption to the surface, the distance 
downstream from the inlet that the DNA molecules will travel (Xinlet) before being 
adsorbed is expressed as:  
                                                                                                      (3.1)
where v is fluid velocity, d is depth of the channel (1 µm), and D is DNA diffusivity 









Fig. 3.6 Number of λ-DNA at 9.2 pM adsorbed in presence of 1.7 nM T7 RNAP in 
TRIS-EDTA (1 mM, pH=8.0, σ=150 µS/cm) buffer as function of distance from channel 
inlet is fitted to a single exponential (
! 
n =N0e
"x /D), yielding adsorption decay distances 
of D1=183±18 µm in 1 µm deep channel and D3=619±59 µm in 3 µm deep channel 
(inset). Flow was stopped 2 min after introduction of DNA solution by hydrating other 
end of microchannel. 
Thus at the fluid velocity of 200 µm/s, which is measured by tracking 20 nm 
fluorescent nanoparticles near the center of the channel, the DNA adsorption decay 









































172 430 688 946 1024 1462
































decay distance of 183 µm that we have obtained by fitting the number of adsorbed DNA 
molecules as a function of distance to a single exponential fit for the 1 µm deep channel 
(Fig. 3.6). Since the fluid velocity is inversely proportional to the channel depth (d) at 
constant evaporation rate, the DNA adsorption decay distance is directly proportional to d. 
The DNA adsorption decay distance increases to 619 µm when the depth of the channel 
is tripled to 3 µm (Fig. 3.6 inset), suggesting that the scaling is valid within the 
experimental error.  
We also have immobilized DNA molecules in channels whose dimensions (100 
nm depth, 350 nm width) are smaller than the radius of gyration of λ-DNA (~500 nm) as 






Fig. 3.7 6.7 pM λ-DNA molecules immobilized and stretched with assistance of 0.5 nM 
T7 RNAP in TRIS-EDTA (1 mM, pH=8.0, σ=150 µS/cm) buffer in series of parallel 100 
nm deep and 350 nm wide channels. Dashed lines represent channel sidewalls which are 
omitted in other areas in figure for clear representation. 
The number of DNA molecules immobilized is less in these channels than those 
found in 1 µm and 3 µm deep channels because the DNA molecules are entropically 
blocked from entering the channel, due to the small channel size. By using channels with 
step changes in height, one could exclude large molecules from the channel, and in a 
downstream process, bleed away small DNA molecules, and thereby concentrate 

































3.3.3. DNA Stretched Length by PADI  
We rarely observe overstretched DNA molecules with the PADI technique. The 
maximum value of the stretch ratio (x/Lc), which is defined as the stretch length (x) 
divided by the contour length (Lc), is 1.2, and only ~2% of the adsorbed DNA molecules 
had a stretch ratio greater than unity. The mean stretch ratio of 9.2 pM λ-DNA molecules 
immobilized using 1.7 nM RNAP in TRIS-EDTA (1 mM, pH=8.0, σ=150 µS/cm) buffer 
within 86 µm (the width of the field of view) from the inlet is 0.56 for 1 µm deep channel 
(Fig. 3.8). At this stretch ratio, the force (F) stretching the DNA is expected to be ~0.1 pN 
according to the worm-like chain model [74]:  
                                                                                                                                                                         
 
where p is persistence length (~66 nm for YOYO-stained λ-DNA), kB is Boltzmann 
constant, T is temperature, x is stretched length, and Lc is DNA contour length. This is 
much weaker than the force needed to overstretch DNA molecules (~65 pN). With the 
relaxation time of ~0.1 s for DNA in water and the average fluid velocity of 200 µm/s, 
the DNA chains should relax by the time they travel 20 µm into the channel, assuming 
that they are most strongly stretched by the extensional flow at the entrance to the 
channel. After entering the channel, the extensional flow is replaced by shear, which is 
not as effective in stretching the DNA [69]. Therefore the mean stretch ratio should 
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Fig. 3.8 Mean DNA stretch ratio is plotted as function of distance in 1 µm deep channel. 
3.3.4. Control of DNA Attachment to Surface 
The degree of attachment along the DNA backbone to the surface can be 
controlled by varying the protein concentration. Increasing the protein concentration 
increases the number of proteins interacting with the DNA within its radius of gyration, 
leading to more attachment points on the PMMA-coated glass. Figure 3.9 shows the 
result of 1 pM T7 DNA attachment in a microchannel for two different RNAP 
concentrations in TRIS-EDTA (1 mM, pH=8.0, σ=150 µS/cm) buffer. For an RNAP 
concentration of 5 nM, the DNA remains attached at multiple points after photocleavage 
for 40 s (Fig. 3.9 (a)), indicating that the DNA was firmly fixed to the PMMA-coated 
glass at multiple places. In the case of 0.5 nM RNAP, there are fewer attachment points 











Fig. 3.9 T7 DNA molecules were immobilized at (a) 5 nM and (b) 0.5 nM T7 RNAP 
followed by DNA photocleavage by exposure to illumination. After photocleavage, DNA 
fragments coil back to many or few attachment points provided by adsorbed proteins; 
coiled DNA fragments can be observed as bright spots on surface seen in right hand side 
of (b).  
Depending on the application, different degrees of DNA attachment can be 
obtained. For example, in optical mapping, DNA has to be tightly bound to the surface so 
that the restriction fragments are retained on the surface. In the case of studying DNA-
protein interactions with proteins that translocate along the DNA contour as they catalyze 
a biochemical reaction such as transcription, it is preferable to have the DNA attached at 
two points only (preferably the molecular extremities, if possible) with the rest of the 
backbone free from the surface so that the interaction is not hindered by the substrate. 
3.4. Single Molecule Analysis 
Optical mapping and DNA-protein interactions are studied using the PADI 
technique. Optical mapping is based on the measurement of fragment lengths of surface-
deposited DNA molecules after digestion with restriction enzymes [29]. In order to 
determine the DNA fragment lengths, the strand needs to be firmly attached to the 
surface so that it does not recoil following digestion with restriction enzymes. On the 





attachs at the two ends and be free from surface attachment for most of its length so as 
not to hinder protein motion along the strand. For example, transcription on stretched 
DNA molecules is observed only if most part of the DNA strand is free from attachment 
to the substrate. In this section, optical mapping and single-molecule transcription are 
demonstrated.   
3.4.1. Optical Mapping 
The PADI technique can be used to generate simultaneously many DNA 
templates for optical mapping applications as shown in Fig. 3.10. We first immobilized 1 
pM λ-DNA molecules with 3 nM T7 RNAP in TRIS-EDTA (1 mM, pH=8.0, σ=150 
µS/cm) buffer and then introduced type II restriction enzyme Sma I into the microchannel. 
The concentration of T7 RNAP was adjusted to provide enough protein molecules to hold  
 
Fig. 3.10 λ-DNA molecules were stretched and immobilized with T7 RNAP followed by 
enzymatic cleavage by Sma I. DNA molecules were incubated in dark with Sma I at 
room temperature for 2 h before imaging. Location of predicted cleavage sites for Sma I 




the DNA at several points along the backbone so that the DNA molecule remains 
anchored to the surface after the cleavage by Sma I, yet the attachment points were not so 
numerous as to sterically hinder the enzymatic digestion.  
We note that a double digestion by two different restriction enzymes may be 
observed if the DNA is immobilized with one restriction enzyme such as EcoR I rather 
than RNAP, followed by cleavage by another restriction enzyme such as Hind III. The 
first restriction enzyme that assists the immobilization needs to bind to the target 
sequence in the absence of a divalent metal ion to prevent the cleavage prior to the 
immobilization. This DNA-restriction enzyme complex is then immobilized in the 
microchannel by PADI, followed by the introduction of the second restriction enzyme 
along with the divalent metal ion so that both first and second restriction enzymes can 
cleave the DNA.  
We also note that the method works over a range of RNAP concentrations of 0.5 
to 17 nM under the conditions of our experiments. At RNAP concentrations much below 
than 0.5 nM, we do not observe enough adsorption of DNA molecules, and at 
concentrations well above 17 nM, the time it takes for DNA molecules to imbibe into the 
microchannel dramatically increases, presumably due to clogging of the channel near the 
inlet by  the protein molecules. There seems to be an optimum protein concentration of 
around 1 nM at which DNA is immobilized at multiple points, but not so many as to 
hinder further enzymatic reaction. The optimum concentration may vary from one DNA-
binding protein to another, depending on the protein properties. While the number of 
attachment points could easily be controlled with RNAP by adjusting the concentration to 
the optimum value, we experienced a limited control over it with commercially 
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purchased restriction enzymes, apparently due to the presence of highly concentrated 
BSA, which is mixed in the solution as a stabilizer. Typically in an undiluted stock 
solution, ~10 nM of restriction enzyme is mixed with 3 µM of BSA, whereas 2 µM of 
RNAP is readily available commercially without BSA. Therefore, when a restriction 
enzyme solution is diluted to the optimum concentration (~1 nM), it is BSA, which is 
present in the solution at the concentration 300 fold higher than the restriction enzyme, 
that primarily adsorbs on the PMMA-coated surface, presumably leaving little room for 
proteins on DNA to be adsorbed. The presence of such a high concentration of BSA in 
the solution also considerably increases the time for imbibition, hindering further increase 
in the protein concentration.      
3.4.2. Single-molecule Transcription 
We have also investigated whether transcription can be observed on DNA 
molecules immobilized by proteins. Transcription on single combed T7 DNA molecules 
that are not overstretched has been previously demonstrated [24]. In this study, we have 
demonstrated transcription on DNA immobilized using the PADI technique as shown in 
Fig. 3.11. Newly synthesized RNA transcripts can be detected with TIRF microscopy as 
bright dots, when enough fluorescent uridine triphosphates (UTPs) are incorporated into 
the growing RNA chain. To verify whether this in vitro transcription can be observed on 
DNA molecules immobilized in the microchannel by the PADI technique, we 
immobilized and stretched 1 pM T7 DNA molecules with the assistance of 1 nM T7 
RNAP in TRIS-EDTA (1 mM, pH=8.0, σ=150 µS/cm) buffer, followed by the 
introduction of transcription buffer containing nucleotriphosphates (200 µM of nucleo 
triphosphates (NTPs), 8 µM Alexa Fluor 546-UTP), and 100 nM of fresh T7 RNAP. We 
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observe bright dots showing RNA transcripts synthesized along the DNA strands as 
shown in Fig. 3.11. 
Fig. 3.11 Alexa Fluor 546-UTP labeled RNA transcripts (bright dots) formed along 
YOYO stained T7 DNA (lines). 
3.5. Conclusion 
In summary, we have developed a novel DNA immobilization method that 
utilizes the specific or non-specific interactions between the DNA and DNA binding 
proteins to immobilize and stretch but not overstretch large numbers of DNA molecules 
onto a substrate at physiological hydration and pH conditions. In this way, the DNA 
molecules can be stretched and immobilized inside a microchannel with a high 
throughput when introduced by a capillary force. Many different DNA binding proteins 
such as restriction enzymes, DNA polymerase, and RNAP can be used to achieve DNA 
immobilization irrespective of binding sequence specificity. The number of attachment 
points along the DNA contour is controlled by varying the protein concentration. The 
biological activity of the immobilized DNA molecules was tested by digesting the DNA 
with restriction enzymes in the microchannel. Single-molecule transcription, which 
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places stringent requirements on the immobilized DNA with respect to surface 




IMMOBILIZATION, STRETCHING, AND MOVEMENT OF DNA MOLECULES 
IN CHANNELS USING AC VOLTAGE 
4.1. Introduction 
Precise placement of DNA molecules in microchannels enables access to specific 
sequences on a DNA strand. This capability is useful in performing experiments such as 
molecular manipulation or repair of specific sequences using DNA-interacting proteins. 
In order to control DNA placement in channels, control over its immobilization location 
and its motion along the channels are required. 
Currently, hydrodynamic flow [37] and electric field [5] based techniques have 
been shown to allow immobilization and stretching of DNA molecules in channels. 
However, the location of immobilization of DNA molecules cannot be controlled using 
the existing techniques. Another drawback in the current electric field based techniques is 
very few DNA molecules can be immobilized on the electrodes [75]. 
DC electrophoresis is used to control the motion of negatively charged DNA 
molecules in channels [67]. A voltage is applied across the channels that are in contact 
with the electrodes, therefore driving the DNA molecules towards the positive electrode. 
However, due to the large separation between the electrodes across the channel, a large 
dc voltage is required to create sufficient electric field to generate DNA motion. The high 
voltage often results in bubble formation in the channel when voltage is applied.  
We have developed a technique to immobilize and stretch DNA molecules across 
an electrode gap in channels using an ac voltage. Large numbers of DNA molecules are 
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immobilized on the electrodes without chemical modification to the DNA molecules or 
the electrode surface. Using an appropriate electrode design and fluid at pH of 5.8 and 8.0, 
DNA immobilization, stretching, and movement across the electrode gap are controlled 
using an ac voltage. 
The different forces that act on the DNA molecules in the presence of an ac field 
in fluids will be discussed in section 4.2. Techniques to control DNA immobilization and 
stretching at acidic and physiological pH will be presented in section 4.3. Control of 
DNA motion in channels using low ac voltage will be shown in section 4.4.     
4.2. AC Voltage Induced Forces  
An ac voltage is used to prevent electrolysis of the buffer solution near the 
electrodes, which often occurs when large dc voltage is applied. Electrolysis is not 
desirable since it can lead to bubble formation, resulting in blockage of the channels and 
no fluid can flow through. DNA molecules in a buffer solution experience a number of 
forces in the presence of an ac voltage. DNA molecules are influenced by the electric 
field through direct interactions with the ions present around the negatively charged 
strand. In addition, the applied voltage exerts a force on the fluid, and the resulting fluid 
flow influences the motion of the DNA molecules. Some of the voltage induced forces on 
DNA molecules are restricted to within the electrode gap or near the electrodes, while 
other forces influence DNA molecules present >1mm from the electrodes. Therefore 
various forces influence DNA molecules to different degrees depending on the location 
of the DNA with respect to the electrodes. In this section, different forces that influence 
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4.2.1. Dielectrophoretic Force 
Any type of materials, whether they are neutral, charged, polar, or non-polar, will 
be polarized by an electric field. Interactions of this induced dipole with the surrounding 
electric field can lead to a number of effects such as lateral movement, rotation, 
orientation, and deformation. In the case of particles suspended in a non-uniform electric 
field, the interaction of field induced charges on each side of the dipole will result in a 
non-uniform force acting on the particles. The non-uniform force results in a lateral 
motion of the particles. This effect is referred to as dielectrophoresis. The 
dielectrophoretic force, FD, exerted by an electric field, E, on a spherical object of radius, 
r, is expressed as [76]:  
 
where εf is dielectric constant of fluid and K(ω) is given by: 
 
 
where ε* is the complex permittivity of particle (εp*) and fluidic medium (εm*)  and is 
given by:   
 
 
where σ is conductivity and ω is frequency. 
The dielectrophoretic force is due to the electric field gradient acting on the 
particles and is proportional to the volume of the particles. Therefore smaller particles 
require higher field gradient to control the particles. The dielectrophoretic force is 






also referred to as Clausius-Mossoti (CM) factor. The value of the CM factor also 
depends on whether the particles are more or less polarizable than the medium. If the 
particles are more polarizable than the medium, then the CM factor is positive. This 
means the particles experience positive dielectrophoresis and they move towards the 
regions of maximum electric field gradient. On the other hand, if the particles are less 
polarizable than the medium, then the CM factor is negative. This means the particles 
experience negative dielectrophoresis and they move towards the regions of minimum 
electric field gradient. Hence the direction of the particle movement is dependent on the 
relative properties of the particles with respect to the fluidic medium. Dielectrophoretic 
force is a short range force since the electric field gradient rapidly decays from the 
electrode edges and high electric field gradient is required to control the particles [76]. 
Typically, particles present in the electrode gap and near the electrode edges are 
influenced by the dielectrophoresis force since the maximum electric field gradient is 
located at the edges of the electrodes and in the gap.  
For DNA molecules, they are highly polarizable due to their negative charges. 
Most buffer solutions used in the DNA experiments have polarization factor lower than 
the DNA molecules. Hence the DNA molecules often experience positive 
dielectrophoresis. The motion of DNA molecules due to dielectrophoresis is often 
directed towards the electrode edges.   
4.2.2. Torque 
Due to the large length (20 µm) to width (2 nm) ratio of DNA molecules, they 
experience a torque under the influence of an electric field. For example, a high aspect 
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parallel to the electric field. In other words, the electric field exerts a torque on the 
particle. A long flexible molecule such as DNA tends to align and stretch parallel to the 
electric field due to the torque, Tr, which is given by [77]: 
 
where Dp is induced dipole and E is electric field. In contrast to the dielectrophoretic 
force, the torque depends on the electric field and not its gradient. Hence the torque is a 
long range force capable of exerting its influence outside the electrode gap.  
4.2.3. Electrothermal Flow 
 Typically an ac voltage of 1 to 20 V is applied across microfabricated electrodes 
in a fluidic medium to manipulate suspended particles. The applied voltage generates 
power within a small volume of the fluid near the electrodes. The dissipated power leads 
to localized heating of the fluid near the electrodes, resulting in the generation of 
temperature gradient in the fluid. A variation in the temperature of the fluid causes local 
changes in the permittivity and conductivity of the fluid. These changes will give rise to 
an electrothermal force in the fluid, causing fluid to flow in the channels. The 
electrothermal force per unit volume, FE, is expressed as [78]:  
 
 
where E is electric field, T is temperature, ε is permittivity, σ is conductivity, ω is 















The electrothermal force depends on the permittivity and conductivity gradients. 
It influences fluid near the electrode edges and in the electrode gap since the force is 
dependent on the gradients. The fluid flow generated by the electrothermal force due to 
ac voltage applied to a parallel electrode is a circulatory fluid motion across each 
electrode. The direction of the fluid motion is determined by the direction of the electric 
field relative to the thermal gradients [79]. The electrothermal fluid flow can be the 
dominating force near the electrodes. If suspended particles such as DNA experience the 
electrothermal force, the DNA molecules will continuously circulate on top of the 
electrodes.   
4.2.4. Induced Charge Electro-Osmosis 
Particles suspended in fluid in the presence of a electric field are polarized, 
resulting in the formation of surface charges near the particles’ surface. The surface 
charges move in response to a changing electric field, moving the fluid in the vicinity of 
the surface charges. This fluid motion results in net force acting on the suspended 
particles and causing them to move. This phenomenon is referred to as induced charge 
electro-osmosis (ICEO). The fluid motion is known as the slip velocity, us, and it is 
related to the electric field as [80]: 
 
 
where εf is dielectric constant of fluid, ς is zeta-potential, Ell is parallel component of 
electric field, and ν is fluid viscosity. The equation indicates that the slip velocity, which 




phenomenon since electric field spreads out to the fluid in the channel that is far from the 
electrodes.  
4.3. DNA Immobilization and Stretching Across Electrode Gap 
We have developed an ac voltage based DNA immobilization and stretching 
technique where large numbers of DNA molecules are immobilized and stretched across 
an electrode gap in a microchannel. The DNA molecules are immobilized at pH of 5.8 
and 8.0 to Au electrodes. The DNA molecules do not require any end labeling and the 
electrodes do not require any surface modification for DNA immobilization. DNA 
immobilization across an electrode gap at one end and two ends of the electrodes are 
demonstrated. 
4.3.1 Electrokinetic Forces to Immobilize and Stretch DNA Molecules  
The electrokinetic stretching of DNA molecules in fluid involves several forces 
acting on the molecules. For example, the dielectrophoretic force is caused by the 
induced dipole along the backbone of the DNA molecules. This force is directed towards 
the electrode edges. The second force is the torque exerted on the induced dipole by the 
electric field. For a DNA molecule with one end immobilized on the electrode, the torque 
tends to elongate the DNA molecule parallel to the electric field [81]. The third force is 
the electrothermal force acting on the fluid, which is generated by the gradients in 
conductivity and permittivity of the fluid caused by the field induced fluid heating [78]. 
When an ac field is applied between 2 electrodes in a fluidic system, each electrode 
induces a circulatory fluidic motion across the electrodes. These 2 circulating fluids in the 
electrode gap prevents the DNA molecules attached to an electrode to be stretched 
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beyond the range of the corresponding circulating fluid [82]. The torque and direction of 
the electrothermal induced fluid flow result in the DNA stretching [83]. The direction of 
the fluid flow depends on the direction of the electric field and temperature gradient. 
Thus the electrothermal induced fluid flow patterns have a complex relationship with 
different factors such as electrode design, conductivity and permittivity of fluid, 
microchannel dimensions, frequency and magnitude of the electric field [79]. A change in 
any of the above factors can perturb the electric field or the temperature gradient, leading 
to different flow patterns. In order for the attached DNA to stretch, the fluid has to flow 
from the edge of the electrode towards the electrode gap. 
4.3.2. Immobilization and Stretching of DNA Molecules at One End 
DNA molecules are immobilized at one end of the electrodes and stretched across 
the electrode gap due to the electrokinetic forces. In this section, electrostatic 
immobilization and stretching of DNA molecules at one end is demonstrated at pH of 5.8 
and 8.0 in microchannels. 
4.3.2.1. Immobilization and Stretching at Acidic pH in Large Channels 
In this set of DNA experiments, 2-morpholinoethanesulfonic acid monohydrate 
(MES) buffer (25mM, pH=5.8, σ=370 µS/cm) is used. The pH of the buffer is set to 5.8 
to enable DNA immobilization to the Au electrode [37]. 0.6 ng/µl of λ-DNA with 
contour length of 16.5 µm is introduced into the microchannels with integrated electrodes. 
These Si microchannels are 100 µm wide and 75 µm deep, therefore there is little 
confinement of the DNA molecules in these channels. 20/50 nm thick Cr/Au electrodes 
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on 100 µm thick glass are bonded to the Si microchannels using PMMA as an adhesive 
layer.  
DNA stretching depends on the direction of the electrothermal induced fluid flow 
and the flow patterns in the microchannel. A 100 KHz ac voltage is applied to the 
electrodes. The direction of the induced fluid flow near the electrode edge changes as the 
voltage is ramped up. At lower voltages, the DNA molecules move towards the electrode 
edges. At higher voltages, the DNA molecules start moving away from the electrode edge 
towards the gap. 
DNA are immobilized on Au electrodes irrespective of the fluid flow direction. In 
order for the attached DNA to be stretched outward from the electrode edge, the 
electrothermal induced flow should cause the fluid to flow away from the electrode edges. 
Figures 4.1 (a)-(c) show DNA stretching in the 100 µm wide, 75 µm deep microchannel 
at different voltages.  
 
Fig. 4.1 DNA stretching for different voltages at 100 KHz in 100 µm wide and 75 µm 
deep Si microchannel. (a) DNA stretching starts at tip of pointed electrode at 8 V. (b) 
Larger number and area for stretched DNA molecules near tip of pointed electrode at 12 




At 8 V, DNA stretching begins near the pointed tip of the electrode as shown in 
Fig. 4.1 (a), since the electrothermal induced fluid flow is away from the electrode edge 
only near the electrode tip where the electric field is highest. Figure 4.1 (b) shows an 
increase in the number of DNA molecules and the expanded area for stretched DNA near 
the electrode tip at 12 V. At 16 V, as shown in Fig. 4.1 (c), DNA molecules are stretched 
along the pointed and straight edge electrodes since the electric field is high enough along 
all electrode edges to cause electrothermal induced fluid flow away from both electrode 
edges. 
Large number of DNA molecules are immobilized and stretched in a single step 
along the electrode edges in the microfluidic channel. It allows one end of the DNA 
molecules to be fixed at the electrode edge and the other end to be stretched out to 
different lengths by the electric field. This capability is particularly useful for studying 
single molecule DNA-protein interactions. The fluid flow pattern is different for 
microchannels with shallower depth. For a 3 µm deep channel, the induced flow is 
towards the electrode edge at voltages up to 20 V and for frequencies varying from 25 
KHz to 1 MHz. The electric field and temperature distributions perpendicular to the 
electrode surface are different for shallower channels, resulting in different flow patterns.  
Figure 4.2 shows the variation of DNA stretch lengths with voltage. At 100 KHz, 
maximum stretch length of 10.8 µm is obtained for DNA molecules stretched from the 
pointed electrode tip. At 200 KHz, the stretch length is lower due to the reduced torque 
acting on the DNA molecules. The maximum stretch length at 200 KHz is 4 µm. No 
DNA stretching is observed at 1 MHz. Longer stretch lengths of DNA molecules are 










































Fig. 4.2 Variation of stretch length of λ-DNA molecule as voltage is applied at 100 and 
200 KHz. Length is measured from edge of electrode to end of stretched DNA molecule. 
4.3.2.2. Immobilization and Stretching at Physiological pH in Small Channels 
Immobilization and stretching of large number of DNA molecules on electrodes 
have been shown in buffer solution with pH of 5.8. However, the rate of catalysis, which 
is an indicator of the efficiency of enzymatic actions, is maximum near physiological pH 
of 8.0 [84]. Immobilization is typically not performed at pH of 8.0 since fewer number of 
DNA molecules can be immobilized [28]. By reducing the channel dimensions, for 
example using microchannels that are 500 nm wide and 100 nm deep, immobilization of 
large number of DNA molecules to the electrodes are obtained at physiological pH of 8.0, 
rather than at acidic pH.  
λ-DNA molecules at 5 pM concentration in TRIS-EDTA buffer (pH=8.0, σ=150 
µS/cm) are introduced at the inlet port of 500 nm wide and 100 nm deep channels 
integrated with electrodes having a 20 µm gap. DNA molecules are flown into the 
channels by the capillary action and are brought to rest by hydrating the outlet port. A 
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100 KHz ac field is then applied across the electrodes, which is slowly ramped up from 1 
to 18 V. The electrothermal force induced flow moves the DNA molecules towards the 
electrodes, which results in some of the DNA molecules being immobilized on the 
electrodes. Beyond 8 V, the immobilized DNA molecules begin to stretch and the 
stretched length increases with the applied voltage. Figure 4.3 shows λ-DNA molecules 
stretched at 16 V. The smaller channels improve DNA immobilization to the electrodes 
due to the greater possibility of DNA molecules being in contact with the electrode 









Fig. 4.3 λ-DNA molecules at 5 pM concentration in TRIS-EDTA buffer (pH=8.0, σ=150 
µS/cm) immobilized and stretched across electrode gap using 100 KHz ac voltage at 16 
V in 500 nm wide and 100 nm deep channels. DNA molecules are immobilized at one 
end of Cr/Au electrodes and stretched by ac field. 
 
Figure 4.4 shows the variation of DNA stretch length with voltage. A maximum 
stretch length of 12 µm is obtained for DNA molecules stretched from the pointed 
electrode tip. The stretched length is determined from the edge of the electrode to the end 
of the DNA molecule. DNA molecules are attached at different positions from the edge 
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of the electrode, therefore DNA molecules with different stretched lengths are observed 
in Fig. 4.3. The electrothermal flow drives the DNA molecules towards the electrode 
surface and during this process the DNA molecules contact the electrode surface and get 






























VOLTAGE (V)  
Fig. 4.4 Variation of stretched lengths of λ-DNA molecule in TRIS-EDTA (pH=8.0, 
σ=150 µS/cm) buffer as ac voltage is applied at 100 KHz. 
4.3.3. Immobilization and Stretching of DNA Molecules at Two Ends 
In addition to attaching the DNA molecules at one end on an electrode and stretch 
them, it would also be useful to immobilize both ends of the DNA molecules. A floating 
electrode is incorporated between the electrode gap for this purpose as shown in Fig. 4.5. 
T2 DNA molecules at 5 pM concentration in MES buffer (25 mM, pH=5.8, σ=370 
µS/cm) are introduced in the channels. Since the voltage is applied between the straight 
edge and pointed electrodes and not to the floating electrode, the electrothermal induced 
fluid flow in the vicinity of the floating electrode edge is minimized. This allows DNA 
molecules to be immobilized at both ends and stretched across the electrodes. When a 
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second force such as hydrodynamic flow of the fluid containing DNA molecules is 
applied in addition to the electric field, the DNA molecules can overcome the resistance 
due to the electrothermal induced flow of the floating electrode and the other end of the 
DNA molecule can be attached to the floating electrode. 
 
Fig. 4.5 (a) Attached T2 DNA molecules stretched in presence of 100 KHz and 13 V 
peak-to-peak electric field and hydrodynamic flow in 100 µm wide and 16 µm deep 
microchannel. Direction of flow is from right to left as indicated by arrow. (b) Stretched 
DNA molecules in absence of electric field and hydrodynamic flow. 
As shown in Fig. 4.5 (a), a 6 µm wide floating electrode is placed near the center 
of the 15 µm wide electrode gap and the fluid containing the DNA molecules is flown 
from the right to the left hand side of the microchannel after the DNA molecules are 
attached at the edge of the electrodes and stretched by the electric field. The 
hydrodynamic flow of the microchannel is initiated by dehydrating one end of the 
microchannel, leading to fluid pumping by evaporation. Large numbers of T2 DNA with 
contour length of 55.8 µm are immobilized at the pointed electrode and stretched across 
the electrode gap in the presence of both the electric field and the hydrodynamic flow in 
the microchannel. Some of the DNA molecules may cross over the floating electrode and 
bridge the gap to the straight edge electrode.  
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The fluid flow as characterized by tracing the velocity of DNA molecules 20 µm 
from the microchannel sidewalls is ~124 µm/s. DNA molecules immobilized at both ends 
in the absence of electric and hydrodynamic forces are shown in Fig. 4.5 (b). The electric 
field is switched off while the hydrodynamic flow is allowed to continue for ~2 min and 
then the flow is stopped by hydrating the outlet port. While some of the DNA molecules 
recoil back, a few remain to be stretched and immobilized at both ends near the edges of 
the pointed and floating electrodes. With the floating electrode, we have demonstrated 
that multiple stretched DNA molecules can be immobilized at both ends across the 
electrode gaps. This capability would enable the realization of complex network such as 
inverters and adders from DNA-templated carbon nanotube transistors, where precise 
placement of stretched DNA across electrodes is needed. 
4.4. DNA Molecule Movement Outside Electrode Gap 
Motion of DNA molecules outside the electrode gap is controlled using low ac 
voltage. The motion of the DNA molecules is due to the ICEO phenomenon which has a 
long range influence over DNA molecules. ICEO induced motion results in DNA 
molecules moving away from the electrodes. The details of the mechanisms generating 
the DNA motion will be described in the next chapter. The velocity of the DNA 
molecules is controlled by varying the voltage across the electrodes. Electric field 
induced stretching of DNA molecules at a distance of 1110 µm from the electrodes is 




4.4.1. DNA Velocity Outside Electrode Gap 
The control of the velocity of DNA molecules present outside the electrode gap 
has been demonstrated in microchannels. The fluidic system consists of a 100 µm wide, 
20 µm deep Si microchannel integrated with a sharp tip and a straight edge electrode pair 
separated by 20 µm. 3-ng/µl concentration of λ-DNA molecules in DI water is introduced 
into one of the fluidic ports of the Si channel. The fluid is instantly pumped into the 
channels by the capillary action and it continues to flow due to pumping by evaporation 
from the fluidic port at the other end of the channel. The fluid flow is brought to rest by 
introducing fluid in both fluidic ports. The initial size of the coiled DNA molecules is 500 
nm in diameter before they are introduced into the channel and when they are stationary 
inside the channel in absence of any external force. After the fluid flow is stopped, a 100 
KHz sinusoidal voltage is applied across the two electrodes.   
At lower voltages, the DNA molecules in the vicinity of the electrodes are 
influenced by the dielectrophoretic and electrothermal forces. Beyond a threshold voltage, 
the DNA molecules near the electrode begin to move away from the electrode. With 
further increase in voltage, the DNA molecules begin to move. Figure 4.6 shows the 
velocity of the DNA molecules at the centre of the channel for various applied voltages 
and at a distance of 1110 µm away from the centre of the electrode gap. The velocity of 
the DNA molecules increase with the applied voltage, since ICEO induced motion is 




























Fig. 4.6 Velocity of DNA molecules in Si microchannels for different applied ac voltage. 
4.4.2. DNA Stretching Outside Electrode Gap 
The ICEO phenomenon is used to stretch the DNA molecules tethered on the 
PMMA surface inside the microchannel as shown in Fig. 4.7. λ-DNA molecules at 5 pM 
concentration in DI water (pH=7.8, σ=200 µS/cm) are introduced in the channels.  It has 
been shown that DNA molecules can bind one of their ends on PMMA surface [28]. The 
stretched DNA molecules are located at a distance of 1110 µm from the electrode gap. 
The boundaries of the 100 µm wide channel are indicated by the two solid lines in Fig. 
4.7. A 100 KHz sinusoidal voltage is applied with 13.6 V peak-to-peak, resulting in 
stretching of the DNA molecules. At this applied voltage, the DNA molecules that are 
tethered at only one end to the PMMA surface are stretched to 15 µm long. Some DNA 
molecules are not stretched to this maximum length. The possible reasons for various 
stretched lengths shown in the figure could be related to multiple attachment points of a 











Fig. 4.7. Stretching of tethered DNA molecules in Si microchannel. 3-ng/ul of λ-DNA in 
DI water is introduced into microchannel. 
4.5. Conclusion 
A low ac voltage is used to provide controllable DNA immobilization, stretching, 
and movement in microchannels. Large numbers of DNA molecules are immobilized to 
the electrodes at acidic and physiological pH without chemical modification to DNA or 
electrode surface. 100 KHz ac voltage is used to immobilize and stretch λ-DNA 
molecules in a buffer solution with pH of 5.8 in 100 µm wide and 75 µm deep 
microchannels. Immobilization and stretching of large number of DNA molecules across 
an electrode gap is achieved at physiological pH of 8.0 using smaller, confined channels. 
The stretched length of the DNA molecules is controlled by varying the voltage across 
the electrode gap. Using a floating electrode, T2 DNA molecules are immobilized at both 
ends and stretched across a 5 µm wide electrode gap using electric field and 
hydrodynamic flow in the microchannels. The movement and stretching of DNA 
molecules outside the electrode gap is made possible based on the ICEO phenomena. The 
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velocity of the DNA molecules located at a distance of 1110 µm from the electrodes is 
controlled using a low ac voltage varying from 5.3 to 13.6 V. Stretching of tethered DNA 











MECHANISMS OF VOLTAGE INDUCED DNA AND PARTICLE MOTION IN 
CHANNELS 
5.1. Introduction 
In fluidic systems for biological [85] and chemical sensing [86] applications, fluid 
flow is used to direct the transport of particles to specific locations within a micro- or 
nano-channel to perform biomolecular detection or chemical reactions. A number of 
biomedical applications require motion of biomolecules such as DNA and proteins in 
small channels. For example, mapping is performed by imaging DNA molecules moving 
through 1 µm wide, 100 nm deep channels [41]. DNA and protein separations are 
performed by transporting the molecules along 300 nm deep channels [87].   
The two most common forces used for controlling fluid flow along the channels 
are pressure gradient [40] and electro-osmosis [88]. In pressure driven flow, a pressure 
gradient is applied across the channel to control the flow rate. A drawback in this method 
is that as channel dimensions are reduced, the resistance to fluid flow increases, thereby 
requiring higher pressure to maintain the same flow rate.  
In dc electro-osmosis, a voltage applied across the channel drives the positive 
charges induced in the fluid due to the preconditioned, negatively charged channel 
surface towards the negative terminal. The motion of the positive charges moves the fluid 
along the channel. Electro-osmosis typically requires large dc voltage of 100 V across a 1 
cm long channel to generate a fluid flow that transports particles [88], since the  
electrodes are often placed far apart in the inlet and outlet ports. In addition, the channel 
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surface is prone to particle adsorption, which alters the surface charge distribution, 
resulting in flow instabilities [89]. In ac electro-osmosis, a voltage applied across 
asymmetrical electrodes is used to control the fluid flow in the channels [90], [91]. The 
asymmetrical shape of the rectangular electrodes allow the electrode with more surface 
area to generate more surface charges, thereby generating a net motion of fluid in 
channels. Although fluid flow can be generated at low voltage since the distance between 
the electrodes is typically <20 µm, ac electro-osmosis is limited by the increase in flow 
resistance as the channel dimensions are reduced.     
We present mechanisms that describe the motion of particles such as DNA and 
polystyrene nanoparticles generated using low ac voltage but without fluid flow along the 
channels. The ac voltage induced motion does not require surface modification and is 
ideally suited to control the motion of particles in channels with small dimensions, as the 
motion is induced by direct electric field interaction with the particles and not by fluid 
displacement along the channels. The velocity of the particles is controlled by varying the 
voltage magnitude.  
Current techniques of controlling the motion of particles in channels are discussed 
in section 5.2. The mechanisms of ac voltage induced DNA and nanoparticle motion in 
channels are presented and compared to fluid flow generated motion in section 5.3. 
Electric field simulations are compared with experimental results in section 5.4.   
5.2. Current Techniques to Control DNA and Particle Motion in Channels 
Pressure gradient and electro-osmosis are the two most common forces used to 
generate fluid flow in channels to transport particles to a desired location in the channels. 




























channels are discussed. Electro-osmotic phenomena due to dc voltage, ac voltage, and 
induced charges are introduced in this section. 
5.2.1. Pressure Driven Flow 
Just as potential difference is used to drive current in conductors, pressure 
difference drives fluid in channels from high to low pressure points [68]. Pressure driven 
flow between two parallel plates, such as a microchannel, exhibits parabolic velocity 
profile across the channel walls. The stationary channel walls result in the velocity of the 
fluid being zero at the walls and maximum at the center of the channels. The velocity 
profile, v, from the channel walls to the center of the channel is expressed as [92]:   
          (5.1) 
 
where Vm is mean velocity, y is distance from center of channel, and d is depth of 
channel.  
In order to generate a specific flow rate in the channels, appropriate pressure 
gradient is required. The relationship between the pressure gradient, 
! 
"p , and fluid flow 
rate, qf, in the case of fluid flow between two parallel plates is expressed as [92]: 
                             
 
where ν is viscosity, l is channel length across which pressure gradient is applied, and d 
is channel depth. It indicates that the pressure gradient required to generate fluid flow 
increases with decrease in channel cross-section. Therefore, higher pressure is required to 
maintain the same flow rate as channel dimensions are reduced. Pressure driven flow is 





Electro-osmosis refers to movement of fluid on a charged surface such as an 
electrode, charge modified channel surface, or polarized particles. In this section, electro-
osmosis due to different charged surfaces are described, along with their applications to 
generating motion of fluid and particles in channels. 
5.2.2.1. DC Electro-Osmosis 
   In dc electro-osmosis, the surface of the channel is modified to contain negative 
charges [88]. For example, glass substrates treated with oxygen plasma or 1:1 
H2SO4:H2O2 solution result in the formation of –OH groups on the surface. The oxygen 
atom in the –OH group is electronegative, thereby resulting in negative ions on the glass 
surface. In the presence of fluid in the channel, positive ions from the fluid are formed 
next to the negatively charged channel surface. When a dc voltage is applied across the 
channel, the positive ions are attracted towards the negative electrode. The moving 
positive ions drag the fluid in the same direction, resulting in fluid flow along the channel. 
AC voltage cannot be applied since there will be no net motion of the fluid along the 
channel as the fluid simply oscillates between the two electrodes. The relationship 
between electrophoretic mobility, z, of the ionic molecules and electric field, E, is 





                          (5.3) 
where Q is total ionic charge, ν is viscosity, and ds is Stokes diameter of the ions. This 
equation shows that the electrophoretic mobility of positive ions near the channel surface 
is dependent on the electric field and independent of channel dimensions. Therefore, 
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unlike pressure driven flow, dc electro-osmosis is not limited by the increase in flow 
resistance in smaller channels. However, a drawback for dc electro-osmosis is a large 
voltage is required across the channel to generate fluid flow since the electrodes are often 
placed at a large distance equal to the length of the channel in the inlet and outlet ports. 
Typically 100 V is required to generate fluid flow in a 1 cm long channel. A second 
drawback is the adsorption of particles to the channel walls, which alters the surface 
charges and creates flow instabilities. DC electro-osmotic flow has been generated in 
both micro- and nano-channels [93], [87].      
5.2.2.2. AC Electro-Osmosis 
When a voltage is applied to electrodes immersed in a fluid, it attracts oppositely 
charged ions in the fluid to the electrode surface. In case of ac voltage at frequencies 
typically between 1 Hz to 100 KHz, the ions on the electrode surface change in response 
to the changing voltage. The changing ions drag the fluid along, resulting in fluid flow. 
The phenomenon is similar to dc electro-osmosis except the motion of the ions occurs on 
the electrode surface rather than on channel walls. Also, the separation between the 
electrodes in ac electro-osmosis is often smaller compared to dc electro-osmosis. 
In the case of symmetrical electrodes, there is no net motion of fluid since the 
flow is symmetrical for each electrode. A net flow can be generated in asymmetrical 
electrodes where the width or height of the electrodes is unequal. The direction of the 
flow is determined by the direction of the fluid pumping force generated by the larger 
electrode. Compared to dc electro-osmosis, a lower ac voltage is required to generate 
equivalent flow rate due to the smaller separation between electrodes typically in the 
order of 20 µm. A drawback of ac electro-osmosis is the increase in flow resistance in 
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smaller channels. AC electro-osmotic flow has been demonstrated in 100 µm wide and 
20 µm deep channels integrated with electrodes with 5 µm gap in the channels [91].  
5.2.2.3. Induced Charged Electro-Osmosis 
The ICEO phenomenon has been discussed earlier in which electric field 
interactions with the field induced surface charges on the particles, resulting in fluid flow 
in the vicinity of the particle surface. The fluid flow results in net force acting on the 
particles and causing them to move. Although ICEO phenomenon has been observed 
experimentally [95] and analyzed theoretically [47], it has not been used to generate 
directional motion of particles in channels. ICEO phenomenon occurs when either a dc or 
ac voltage is applied. AC voltage is preferred in microfluidic applications since it reduces 
bubble formation in channels. We will present mechanisms to induce motion of DNA and 
particles in channels using the ICEO phenomenon and ac voltage without fluid flow 
along the channels. Hence, unlike pressure driven flow and ac electro-osmosis, ICEO 
induced DNA and particle motion is not limited by the increase in flow resistance in 
smaller channels. In addition, only low ac voltage below 20 V is needed to generate 
motion of DNA and particles in channels.    
5.3. AC Voltage Induced Motion of DNA and Particles in Channels 
Existing techniques transport DNA and particles in channels by moving fluid in 
the channels. These techniques are limited either by increase in flow resistance in smaller 
channels or large voltage required to generate fluid flow in channels. We present an 
alternative mechanism that generates DNA and particle motion in channels using low ac 
voltage without using fluid flow along the channels. This mechanism is ideally suited to 
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control the motion of DNA and particles in channels with small dimensions as the motion 
is induced by the electric field interactions with the DNA or particles and not by the fluid 
displacement along the channels. Controlled motion of particles in channels is 
demonstrated at 100 KHz. The motion of the particles in the presence of fluid flow only, 
ac voltage only, and both fluid flow and ac voltage are compared.  
5.3.1. DNA and Nanoparticle Motion Induced by Fluid Flow Only  
5 pM λ-DNA molecules and 15 pM 20 nm polystyrene nanoparticles in TRIS-
EDTA (1 mM, pH=8.0, σ=150 µS/cm) buffer are introduced into the channels at the inlet 
port by the capillary action, while the outlet port is open to air. This leads to continuous 
pumping of the DNA and nanoparticles into the channels by fluid evaporation. The mean 
velocity due to fluid evaporation for the DNA molecules and nanoparticles in a 1 µm 
wide, 400 nm deep channel array is 33 and 65 µm/s, respectively; and in a 10 µm wide, 
800 nm deep channel is 80 and 200 µm/s. Due to the smaller size of the 20 nm particles 
compared to 1 µm radius DNA molecules, the nanoparticles experience stronger 
Brownian motion. The Brownian motion causes variations in DNA and nanoparticles 
velocity as shown in Table. 5.1. The 20 nm particles show a velocity variation of 15 µm/s 
while the DNA molecules have a variation of 1 µm/s in 10 µm wide, 800 nm deep 
channels. The velocity variation is less in channels with smaller dimensions. The velocity 
of the DNA molecules is constant along the channels since fluid flow is incompressible. 
The velocity is higher in wider channels since the coiled DNA molecules move faster in 
channels with cross-sectional area that is comparable to their coiled volume. Apart from 
the channel dimension and particle size, the force that a fluid flow exerts on suspended 
particles is also dependent on the shape of the particles and the location of the particles 
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with respect to channel walls [96], [97]. The above factors result in fluid flow exerting a 
greater force on the nanoparticles compared to the DNA molecules, resulting in higher 
velocity for nanoparticles moved by fluid flow in channels.   
  Table 5.1. DNA and nanoparticles velocity due to fluid flow only. 
Channels DNA Velocity (µm/s) 
Nanoparticles  
Velocity (µm/s) 
1 µm wide 
 400 nm deep 33±1 66±5 
10 µm wide 
 800 nm deep 80±1 300±15 
5.3.2. DNA Motion Induced by Low Frequency AC Voltage  
A schematic showing particle motion due to an ac voltage is illustrated in Fig. 5.1. 
An ac voltage is applied across the parallel electrodes and the applied voltage influences 
the particles present outside the electrodes. In Fig. 5.1, the particle is assumed to be 
attracted to the electrodes during the positive period of the cycle and is deflected during 
the negative period. The distance traveled due to deflection, X2, is greater than the 
distance traveled due to attraction, X1, since the particle is closer to the electrode when 
deflected, and hence experiences larger electric field as compared to when it is attracted 
towards the electrode. Thus the direction of the particle motion is away from the 
electrodes during the first period. During subsequent periods, the particle continues to 
move away from the electrodes. This proposed mechanism is independent of the size or 
charge of the particle, or the frequency of the ac voltage. We had captured the motion of 
DNA molecules at low frequency and it shows that this explanation applies to both DNA 

























Fig. 5.1 Schematic showing ac voltage induced motion of particle. Particle is 
alternatively attracted and deflected due to change in voltage polarity. Net deflection 
distance is greater than attraction distance, hence causing particle to move away from 
electrodes. 
5 pM λ-DNA molecules in TRIS-EDTA (1 mM, pH=8.0, σ=150 µS/cm) buffer 
are introduced into the channels and brought to rest by hydrating the outlet port. 
Sinusoidal ac voltage is then applied across the electrodes and it is increased in steps of 
0.5 V. Beyond a threshold voltage, the λ-DNA molecules and 20 nm nanoparticles begin 
to move away from the electrodes. The motion generated by the ac field is due to the 
ICEO phenomenon [47]. It was proposed that the ac electric field generates fluid flow 
locally around the particles due to the interactions between the field and the field induced 
surface charges on the particles, therefore moving the particles along the channels by 
ICEO. Under ICEO, there is no fluid movement along the channels.     
Figure 5.2 shows the movement of λ-DNA molecules induced by 1 Hz sinusoidal 
voltage at 3.5 V. The DNA molecules are present in a 150 µm wide and 1 µm deep 
channel at a distance of 100 µm from the electrodes. Figure 5.2 (a) shows the initial 
position of the DNA molecules before ac voltage is applied.  In Fig. 5.2 (b), the DNA 
molecules are moved to the left during the first half of a cycle at 0.4 s, bringing them 
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closer to the electrodes. Since DNA molecules are negatively charged, there are positive 
charges induced on the DNA surface. The fluid flow generated by the field interactions 
with the surface charges moves the DNA molecules closer to the electrodes. In Fig. 5.2 
(c), DNA molecules are moved to the right in the second half of the cycle as they are 
repelled away from the electrodes by the voltage with opposite polarity.  
 
Fig. 5.2 λ-DNA molecules moved by 1 Hz, 3.5 V sinusoidal ac voltage in 150 µm wide, 
1 µm deep channel. (a) initial position. (b) DNA molecules move towards electrodes 
during first half of cycle at 0.4 s. (c) DNA molecules move away from electrodes during 
second half of cycle at 0.8 s. The net motion after one cycle results in DNA molecules 
moving away from electrodes with respect to their initial positions.  
Since the DNA molecules are closer to the electrodes when they are repelled, the 
electro-osmotic flow generated around the particles is greater, since the flow is 
proportional to the electric field. This results in the distance traversed by the DNA 
molecules to be greater than the first half of the cycle.  Hence at the end of the first cycle, 
the DNA molecules are moved away from the electrode with respect to their original 
positions.  The DNA molecules also experience the Brownian motion, therefore the 
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continue to move away from the electrodes. Similar movement is observed for 20 nm 
polystyrene particles, although they experience more Brownian motion than DNA 
molecules and hence more velocity variation. 
5.3.3. DNA and Nanoparticle Motion Induced by High Frequency AC Voltage 
Field induced DNA motions at higher frequency for channels with different 
dimensions are also investigated. 5 pM λ-DNA molecules in TRIS-EDTA (1 mM, 
pH=8.0, σ=150 µS/cm) buffer are introduced into the channels and brought to rest, 
followed by having a sinusoidal ac voltage applied across the electrodes. Figure 5.3 
shows the velocity of λ-DNA molecules as a function of 100 KHz applied voltage at a 








Fig. 5.3 Velocity of λ-DNA molecules varies with ac applied voltage at 100 KHz. DNA 
molecules are at distance of 500 µm away from electrodes.  
 
The DNA molecules move away from the electrodes and their velocity increases 
with the applied voltage. They begin to move in the 1 µm wide, 400 nm deep channel 
array at 6 V. For voltage ranging from 7 to 11.5 V, the DNA velocity in a 1 µm wide, 400 
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nm deep channel array is 2 to 10 µm/s; and in a 10 µm wide, 800 nm deep channel, the 
velocity is 10 to 24 µm/s. The velocity of DNA molecules is higher in wider channels due 
to the larger cross-sectional area of the channels. At 100 KHz applied voltage, the DNA 
molecules show nearly linear motion with negligible Brownian effect when the 
movement is recorded at a frame rate of 10 Hz.       
The velocity of DNA molecules varies with distance from the electrodes. Figure 
5.4 shows the dependence of λ-DNA molecule velocity as a function of distance from the 
electrodes. The 100 KHz ac voltage is kept constant at 11.5 V. At 500 to 1340 µm from 
the electrodes, the velocity varies from 10 to 2 µm/s in a 1 µm wide, 400 nm deep 
channel array and 24 to 9 µm/s in a 10 µm wide, 800 nm deep channel. The decrease in 




























Fig. 5.4 Dependence of λ-DNA velocity with distance from electrodes. AC applied 
voltage is kept constant at 11.5 V and 100 KHz. 
This result indicates that the DNA molecules are not driven by fluid flow along 
the channel, since the measured velocity of the DNA molecules changes within the same 
channel while the fluid is not compressible. Although ac field can cause electrothermal or 
 
 86 
electro-osmotic induced fluid flow along the channels, these effects do not apply in this 
case since the measured velocity of DNA molecules is a function of distance from the 
electrodes. Also, no fluid flow out of the inlet and outlet ports is noticed during the 
experiments.  
Similar ac voltage induced motion of 20 nm polystyrene particles is also observed 
as shown in Table 5.2. The direction of their movement is away from the electrodes and 
their velocity increases with voltage and reduces with distance from the electrodes. 15 
pM nanoparticles in TRIS-EDTA (1 mM, pH=8.0, σ=150 µS/cm) buffer are introduced 
into the channels and brought to rest followed by applying a sinusoidal ac voltage applied 
across the electrodes. The nanoparticles begin to move in 1 µm wide, 400 nm deep 
channel array at 8.5 V, which is higher compared to the 6 V needed for the DNA 
molecules. At 10 V and 500 µm from the electrodes, the mean velocity of the 20 nm 
nanoparticles is 13 µm/s in a 1 µm wide, 400 nm deep channel array and 25 µm/s in a 10 
µm wide, 800 nm deep channel. The ICEO phenomenon also depends on the shape of the 
particle [47], therefore the difference in the shape between DNA molecules and 20 nm 
particles results in different velocities. Due to the strong Brownian motion, the electric 
field induced motion in 20 nm particles shows more velocity variations than DNA 
molecules since the coiled DNA molecules are large in volume and more polarizable due 
to their negative charges. Compared to motion induced by fluid flow only, 20 nm 
particles have similar velocity variations in ac voltage induced motion due to the 
Brownian motion. The velocity of both DNA and nanoparticles are higher due to fluid 




Table 5.2. Velocity of nanoparticles in channels induced by 10 V ac voltage. 
Channels DNA Velocity (µm/s) Nanoparticles Velocity (µm/s) 
1 µm wide 
 400 nm deep 6±1 13±5 
10 µm wide 
 800 nm deep 20±1 25±6 
5.3.4. DNA Motion Induced by Both Fluid Flow and AC Voltage  
The motion of DNA molecules in the presence of both fluid flow and ac voltage is 
investigated. 5 pM λ-DNA molecules in TRIS-EDTA (1 mM, pH=8.0, σ=150 µS/cm) 
buffer are pumped into the channels from the inlet port by evaporation from the outlet 
port. AC voltage at 100 KHz is then applied across the electrodes which is ramped up in 
steps of 1 V. Figure 5.5 shows the variation of the velocity of DNA molecules in a 150 




























Fig. 5.5 Velocity of DNA molecules at distance of 500 µm from electrode and induced by 
fluid flow and 100 KHz ac voltage. 
The fluid flow velocity is held constant while the voltage is increased from 0 to 
13 V.  The velocity of the DNA molecules reduces with increase in voltage due to the 
electrothermal flow generated by the applied voltage, which impedes the fluid flow. 
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Since the velocity of the DNA induced by the fluid flow only is higher compared to the 
motion induced by the ac voltage, a decrease in DNA velocity occurs in spite of the 
increase in DNA velocity due to ICEO at higher voltage. 
5.4. Simulations of Electric Field Distribution in Integrated Fluidic System 
Voltage induced motion of particles in sealed channels due to ICEO is caused by 
the electric field interactions with particles. Hence the motion of particles in channels can 
be better understood by analyzing the electric field distribution in the channels. In this 
section, simulations of electric field distribution in sealed channels are performed using 
the comsol software package [98]. The spatial distribution of electric field in channels is 
simulated and compared to experimental results of ac voltage induced DNA and particle 
motion in the channels.  
5.4.1. Electric Field Distribution For Parallel Electrodes 
Electric field distribution due to voltage applied across a pair of parallel 
electrodes on an insulating substrate such as glass can be solved in spherical coordinates. 
The equation describing the electric field, E(r), as a function of radial distance, r, due to 
voltage applied across parallel electrodes is expressed as: 
                                                 
! 





n#                           (5.4) 
where V is voltage and 
! 
n" is normal component of the electric field. Since the electric 
field is dependent on only one spatial factor, r, which is the radius from the center of the 
electrode gap, the spatial distribution of the electric field is circular. In addition, since the 
electric field is inversely proportional to the distance, r, the electric field magnitude 
decreases linearly with distance from the electrodes. 
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5.4.2. Simulations of Electric Field Distribution in Sealed Channels  
Simulation of the distribution of electric field in the channel is shown in Fig. 5.6 
for a pair of 20 µm wide electrodes separated by a 20 µm gap and integrated with a 100 
µm wide, 20 µm deep and 860 µm long Si channel. The electric field lines as seen from 
top of the electrodes is shown in the Fig. 5.6. For the simulations, we use 70 nm thick Au 
electrodes and 600 nm thick PMMA on top of a 10 µm thick glass, and the channel is in a 
30 µm thick Si substrate. The surface area of the glass is 860 × 300 µm2 and the area of 
the Si substrate is 880 × 320 µm3. The electrodes are 300 µm long and the surface area of 
the PMMA is 800 × 300 µm2. No PMMA is present in the electrode gap or on the 
electrode surface. The conductivity values of Au, Si, PMMA, and glass used for the 
simulations are 108, 104, 10-5, and 10-8 S/m, respectively. The boundary conditions for 
PMMA, glass, metal, and Si substrates are set as “continuity”, where the normal 
component of the electric field is assumed to be continuous across the boundaries. A +5 
V is applied on the left electrode and a -5 V is applied on the right electrode. The 
direction of the electric field in the gap is pointing from the left to the right electrode. 
Outside the electrode gap, the electric field distributes circularly into the channel as seen 
in Fig. 5.6. The electric field originates from the positive electrode and is directed 
towards the channel walls. The electric field is directed from the outer edge of the left 
electrode and it is returned towards the outer edge of the right electrode, where it is 
terminated. When an ac voltage is applied across the electrodes, the directions of the 
electric field inside and outside of the electrode gap change in each cycle. The change in 
the directions of the electric field cause the particles outside the electrode gap to move in 
the opposite directions. Since the deflection of the particles is greater when they are 
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nearer to the electrodes, the ac voltage induces particle motion due to ICEO results in 









Fig. 5.6. Top view of spatial distribution of electric field due to +5 V and -5 V applied 
across two parallel electrodes on glass integrated with 100 µm wide and 20 µm deep 
channel. Boundaries of Si and glass are shown in figure. Directions of electric field in 
electrode gap and channel are indicated by arrows. In case of ac voltage, directions of 
electric field change in each cycle, while distribution of electric field is similar. 
2D simulations of electric field magnitude inside and outside of the electrode gap 
in a 20 µm wide and 3 mm long channel are performed. 100 µm wide electrodes are 
separated by a 20 µm gap and they are placed at the center of the channel as shown in Fig. 
5.6. The Au electrodes are assumed to have conductivity of 108 S/cm and the Si channel 
has a conductivity of 10 S/cm. The fluid in the channel is assumed to have a conductivity 
of 150 µS/cm, which is similar to the TRIS-EDTA buffer used in the experiments. The 
voltage on the two electrodes are set to +5 V on the left and -5 V on the right electrode. 
The boundary conditions for channel and medium in the channel are set as “continuity”, 
where the normal component of the electric field is assumed to be continuous across the 
boundaries. The electric field magnitude for applying 10 V across the 20 µm electrode 













































electrodes edges are located at -10 and +10 µm, as indicated in the figure. The electric 
field increases towards the electrode edges and reaches a minimum in the center of the 
two electrodes. Since the electric field originates from the electrode edges and decreases 
with distance due to the applied voltage, the electric field is maximum at both the 









Fig. 5.7. Variation of electric field magnitude across 20 µm wide electrode gap. +5 V is 
applied on left electrode and -5 V is applied on right electrode. Center of electrode gap is 
at 0 µm.  
The variation of electric field along the channel outside the electrode gap is 
analyzed. The magnitude of the electric field varies from 1021 V/m near the electrode 
edge to 5.4×10-6 V/m at 1400 µm from the edge. Since the electric field outside the 
electrode gap arises from the fringe fields, it is lower compared to the electric field in 
between the electrode gap. Figure 5.8 shows the variation of electric field at a distance of 





































































Fig. 5.8. Variation of electric field magnitude at distance of 500 to 1400 µm from 
electrode edge in center of channel. +5 V and -5 V are applied on electrodes. 
The electric field variation across the channel is also analyzed. Figure 5.9 shows 
the plot of electric field magnitude across the 10 µm wide channel at a distance of 500 
µm from the electrode edge. The center of the channel is at 0 µm. The electric field is 
higher near the channel walls since the electric field is directed from the center towards 







Fig. 5.9. Variation of electric field magnitude across 10 µm wide channel. Center of 
channel is located at 0 µm. +5 V and -5 V are applied on electrode.  
5.4.3. Comparison Between Simulations and Experimental Results 
Motion of DNA molecules induced by ac voltage is captured real time in the 
channels and the trajectory of the DNA movement is compared to the distribution of the 
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electric field  from the simulations. λ-DNA molecules at 5 pM concentration in TRIS-
EDTA (1 mM, pH=8.0, σ=150 µS/cm) buffer are introduced into a 100 µm wide and 20 
µm deep channel integrated with 20 µm wide parallel electrodes separated by a 20 µm 
gap. After  fluid flow through the channel for 2 min, the pumping is stopped by hydrating 
the outlet end. An ac voltage is rapidly increased from 0 to 10 V across the electrodes to 
move the DNA molecules near the electrode edge. Snapshots of the DNA motion near the 







Fig. 5.10 Motion of DNA molecules away from electrode at 10 V in 100 µm wide and 20 
µm deep channel at (a) 0 s, (b) 200 ms, and (c) 500 ms. DNA molecules move away from 
electrode towards channel walls. 
The motion of the DNA molecules is away from the electrode edge and they are 
directed towards the channel walls. The DNA molecules at the center of the channel take 
longer to reach the channel walls compared to the DNA molecules closer to the walls 
since their motion follows the electric field distribution as shown in Fig. 5.6. In addition, 
the electric field is higher near the channel walls than at the center of the channel as 
indicated in the simulations shown in Fig. 5.9, this variation also contributes to the DNA 
molecules moving towards the channel walls.  
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The magnitude of the electric field is found to decrease with the distance from the 
electrode edge as shown in Fig. 5.7. Experimental results shown in Fig. 5.4 also indicate 
a decrease in DNA velocity with increase in distance from the electrode. Since the DNA 
motion is induced by the ICEO phenomenon, which is proportional to the electric field, 
the results agree with the simulations, which project a reduction in DNA velocity as 
distance from the electrode edge is increased.   
5.5. Conclusion 
We have described the mechanisms of ac voltage induced directional motion of 
DNA molecules and nanoparticles in sealed channels. When an ac voltage is applied, the 
DNA and particle motion is due to ICEO, which is induced by the electric field 
interactions with the field induced surface charges on the particles that generate local 
fluid flow around the particles. The range of electric field induced motion extends beyond 
1 mm from the electrodes. Using 100 KHz ac voltage, field induced motion in λ-DNA 
molecules and 20 nm polystyrene particles are demonstrated in channels of various 
dimensions. The DNA and particles move in a single direction and away from the 
electrode edges. Due to their smaller size, the nanoparticles experience stronger 
Brownian motion compared to DNA, and they have larger velocity variation. Also, since 
DNA molecules are negatively charged, they are highly polarizable and their motion due 
to ICEO is induced at lower voltage compared to 20 nm polystyrene nanoparticles. The 
field induced velocity increases with applied voltage and decreases with distance from 
the electrodes.  This velocity dependence of distance from electrodes indicates that the 
field induced particle motion is not due to fluid flow along the channel, since fluid flow 
in channels is incompressible, but the motion is due to ICEO. This technique is ideally 
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suited to control the motion of particles in channels with small dimensions as the motion 
is induced by the electric field interactions with particles and not by fluid displacement 
along the channels, which has higher resistance to fluid flow for channels with smaller 
dimensions. Simulations of electric field distribution in the channel concur with data 
obtained from the experiments. The simulated distribution of electric field in the channel 
is similar to the trajectory of the motion of the DNA molecules captured near the 
electrode edge at 10 V in a 100 µm wide and 20 µm deep channel. The simulations also 
indicate that the magnitude of the electric field decreases with  the distance from the edge 
of the electrode, in agreement with the decrease in DNA velocity when the molecules are 













SUMMARY AND FUTURE WORK 
 
Micro- and nano-fluidic systems containing electrodes integrated with hydrophilic 
sealed Si channels have been fabricated and their sealing and wetting properties have 
been characterized. An immobilization technique, PADI, capable of rapidly immobilizing 
and stretching hundreds of DNA molecules in microchannels has been demonstrated. A 
technique to immobilize and stretch DNA molecules across electrode gaps using buffers 
with acidic and physiological pH in channels has been demonstrated. Mechanisms to 
control the motion of DNA and nanoparticles in channels by electric field interactions 
with particles without fluid flow along the channels have been presented. In this chapter, 
several key achievements in each of the above stated accomplishments will be 
summarized. A discussion of possible future research in these areas will be proposed.  
6.1. Research Accomplished 
Accomplishments achieved in the fabrication and characterization of fluidic 
systems, development of a novel DNA immobilization technique and its application in 
DNA mapping and DNA-protein interaction studies, DNA immobilization and stretching 
across electrode gaps in channels using electric field, and development of mechanisms to 
explain DNA and particle motion in channels induced by an ac voltage will be reviewed 
in this section.  
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6.1.1. Fabrication and Characterization of Integrated Fluidic Systems        
The fabrication technology for integrating electrodes with sealed Si micro- and 
nano-channels along with the characterization of the wetting and sealing properties of the 
fluidic systems were presented in this work. Micro- and nano-channels were patterned 
and dry etched in Si. Electrodes and PMMA were patterned on a 100 µm thick glass 
substrate, followed by bonding the Si and glass substrates using PMMA as an adhesive 
layer. PMMA does not clog small channels during bonding due to its high viscosity at 
low temperature. Sealing of 350 nm wide and 100 nm deep Si channels with integrated 
electrodes has been demonstrated. The wetting property of the sealed channels was 
characterized by monitoring the motion of the capillary meniscus in 100 and 50 µm wide, 
100 nm deep channels. The bond strength of PMMA bonding between glass and Si was 
determined at different bonding temperatures and PMMA thickness. A maximum bond 
strength of 3 MPa was obtained at a bonding temperature of 110 °C, bonding pressure of 
0.4 MPa, and PMMA thickness of 600 nm. The bond strength is high enough to 
withstand the capillary pressure during the operation of the fluidic systems.       
6.1.2. DNA Immobilization Technique for High Throughput Single-Molecule 
Analysis 
A novel DNA immobilization technique, PADI, to immobilize and stretch DNA 
molecules in microchannels without causing overstretching has been demonstrated. In the 
PADI technique, DNA-interacting proteins such as restrictions enzymes and RNA 
polymerase are allowed to bind to the DNA molecule in bulk solution, followed by 
pumping the DNA-protein complex into a microchannel. The DNA-protein complex is 
stretched by the flow in the microchannel, followed by the adsorption of proteins present 
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on the DNA strand to the hydrophobic channel surface, resulting in immobilized and 
stretched DNA molecules in the microchannel.  The immobilization is performed at 
physiological pH of 8.0 while maintaining continuous hydration of DNA molecules in the 
channel. Immobilization and stretching of hundreds of λ-DNA molecules in 100 µm wide 
and 1 µm deep channel is achieved in minutes. The DNA molecules are immobilized 
using different kinds of DNA-interacting proteins such as restriction enzymes, RNA 
polymerase, and DNA polymerase. The number of attachment points along the DNA 
strand to the microchannel surface is controlled by varying the protein concentration from 
0.5 to 5 pM. Optical mapping and DNA-protein interactions have been demonstrated in 
the microchannels. Optical mapping of λ-DNA molecules using Sma 1 restriction 
enzyme has been performed in a 100 µm wide and 1 µm deep channel. The λ-DNA 
molecules are first immobilized and stretched in the microchannel, followed by 
introducing the enzyme Sma 1 into the microchannel. The enzyme Sma I cleaves the 
stretched DNA strand at specific sequences. The cuts on the DNA molecules are detected 
and analyzed from the images taken with a fluorescent microscope. Single-molecule 
transcription is demonstrated on immobilized and stretched DNA molecules in the 
microchannel. RNA transcripts synthesized by the enzyme RNA polymerase from NTPs 
are detected along the stretched DNA strand.  
6.1.3. DNA Immobilization, Stretching, and Movement in Channels Using AC 
Voltage 
Immobilization and stretching of DNA molecules across electrode gaps has been 
demonstrated using an ac voltage. DNA molecules in the channels outside of the 
electrode gap are also moved using an ac voltage. Using MES buffer with pH of 5.8, 
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DNA molecules are immobilized to the tip of an Au electrode integrated with a 100 µm 
wide, 75 µm deep microchannel. The immobilized DNA molecules stretched upto 11.5 
µm across the electrode gap using a 100 KHz ac voltage. Immobilization of DNA 
molecules to Au electrodes at physiological pH of 8.0 is achieved by better confinement 
in smaller, 500 nm wide and 100 nm deep channels. Immobilization of DNA molecules at 
both ends to the electrodes is demonstrated by incorporating a floating electrode in 
between the electrode gap. The floating electrode reduces the electrothermal flow near 
the edge of the electrodes, enabling attachment of the second end of the DNA molecules 
to the floating electrode.  
Velocity of DNA molecules present outside the electrode gap is controlled using 
an ac voltage applied across the electrode gap. The DNA molecules are moved away 
from the electrodes and their velocity is controlled by varying the voltage across the 
electrode gap. Velocity of DNA molecules upto 14.2 µm/s located at a distance of 1110 
µm from the electrode gap is demonstrated in 100 µm wide, 20 µm deep channels.  
6.1.4. Mechanisms of Voltage Induced DNA and Particle Motion in Channels 
Mechanisms of ac voltage induced DNA and particle motion in channels using the 
ICEO phenomenon have been presented. The DNA and particle motion are induced by 
electric field interactions with particles and not by fluid flow along the channels. 
Therefore, this motion is not limited by the increase in flow resistance in smaller 
channels, making it ideally suited for controlling motion of particles in small channels. 
The motion of particles is away from the electrodes and the velocity of the particles is 
controlled by the ac voltage. DNA Velocity upto 10 µm/s is demonstrated in 1 µm wide, 
400 nm deep channels using 100 KHz ac voltage. Motion is induced in DNA and 20 nm 
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polystyrene particles present at a distance >1 mm from the electrodes using a 100 KHz ac 
voltage. Simulations of electric field distribution in the channels provide a qualitative 
explanation of the trajectory and velocity variation of DNA motion induced by an ac 
voltage in channels.  
6.2. Future Work 
Future work in developing nanofluidic systems for sequence specific DNA-
protein interaction studies, nanoelectronics fabrication using self-assembly property of 
carbon nanotube (CNT) on stretched DNA molecules, and DNA mapping using the PADI 
technique will be presented.  
6.2.1. Next Generation Integrated Nanofluidic Systems 
Protein interaction studies and manipulations at specific sequences on the DNA 
strand have not been possible to date due to the lack of fluidic systems capable of 
providing precise control over the locations of DNA-protein interactions on the DNA 
strand. We propose an integrated nanofluidic systems to control DNA-protein 
interactions and their locations using an ac electric field.  We have demonstrated control 
over the motion and placement of DNA molecules in integrated fluidic systems using an 
electric field. The velocity and position of the DNA molecules in channels are controlled 
by varying the voltage. To perform DNA-protein interactions at specific sequences on the 
DNA molecule, a nanofluidic system capable of accessing specific DNA sequences needs 
to be developed. This can be achieved by placing a stretched DNA molecule at a specific 
location within a nanochannel and have proteins interact with the DNA at that location. 
Such a system would be applied in performing manipulation or repair of specific DNA 
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sequences using DNA-interacting proteins. Apart from controlling the location of protein 
interactions, a similar nanofluidic system can be developed to control the protein 
interactions with the DNA strand using an electric field.  Such a system will lead to the 
development of new nanoscale DNA-protein interaction experiments. In this section, 
integrated nanofluidic systems for performing sequence specific DNA manipulations and 
voltage controlled DNA-protein interactions are presented. Examples of single-molecule 
experiments that could be performed using the integrated nanofluidic system are also 
presented. 
6.2.1.1. Control of Location of DNA Molecules in Nanochannels 
In order for the proteins to access specific sequences on the DNA strand, we 
propose introducing a protein nanochannel perpendicular to the DNA nanochannels as 
shown in Fig. 6.1. The protein molecules can be focused onto a specific site on the DNA 
strand.  
Direction of DNA





Motion due to V2
 
Fig. 6.1 Schematic of integrated nanofluidic system where proteins in vertical 
nanochannel interact with DNA present in horizontal nanochannel.  
The location of the DNA strand with respect to the protein nanochannel can be 
controlled using a dual electrode pair system. For example, if protein interaction studies 
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and manipulations are required to be conducted on a sequence present at the left end of 
the DNA molecule, the stretched DNA strand can be moved by the applied voltage on 
each electrode pair such that the left section of the strand intersects with the protein 
nanochannel. The proteins introduced in the nanochannel would then interact with the 
specific site on the DNA strand. 
Currently, studies of how proteins would interact with each other when 
translocating along the same DNA strand have not been possible due to the lack of fluidic 
systems capable of controlling the location of one or more protein interactions on the 
DNA strand. A modified version of the integrated nanofluidic system proposed above can 
be built to perform protein interactions at two specific locations on the DNA strand. In 
such a system, two protein nanochannels would intersect with the stretched DNA strand. 
Proteins from each nanochannel would translocate along the DNA strand, causing them 
to cross each other and interact on the strand. This study may lead to uncovering new 
phenomenon of how proteins would interact or coordinate with each other when moving 
along the same strand. 
Apart from the multiple protein translocation studies, the effect of one protein 
binding to the DNA on other protein interactions on the same DNA strand can also be 
studied using the dual protein nanofluidic system. Studies have shown that the force 
applied by proteins such as lac repressor on the DNA strand inhibits other DNA-protein 
interactions such as transcription process on the DNA strand [99]. Our proposed system 
would enable studies on distance of influence that proteins exert to inhibit other 
interactions. For example a protein interaction inhibitor such as lac repressor can be 
introduced in the first nanochannel and another kind of protein such as a restriction 
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enzyme, which cuts the DNA strand, can be introduced into the second nanochannel. The 
distance between the two protein nanochannels can be varied to study how far across the 
strand the protein inhibitor influences other protein interactions. If the distance between 
the two protein nanochannels is over 5 µm and the distance of the influence of the protein 
inhibitor is less than 5 µm from the point of interaction, then the restriction enzyme 
would cut the DNA molecule, which could be detected with a fluorescent microscope. 
This is one example of nanoscale DNA-protein interactions that can be performed and 
studied using the proposed system. Different kinds of DNA-interacting proteins can be 
chosen and the appropriate experiments can be designed using the nanoscale level control 
over the motion and position of DNA and protein molecules that this system would be 
capable of providing.  
6.2.1.2.  Control of DNA-Protein Interactions Using Electric Field 
We have introduced fluidic systems and methods to control the motion and 
location of stretched DNA molecules in nanochannels and to achieve control over the 
location of DNA-protein interactions on the stretched DNA strand. We have 
demonstrated control over the motion of DNA and 20 nm polystyrene particles using an 
ac voltage. We propose to control the motion and interactions of protein molecules using 
an ac voltage, in a manner similar to the voltage controlled DNA and nanoparticles 
motions, to study DNA-protein interactions and the influence of electric field over these 
interactions. Studies have shown that electric field plays an important role in determining 
the protein structure and functionality [100], [101]. Electric field originating from ionic 
molecules is present at the active site of the protein, hence it likely plays an important 
role in protein interactions with other biomolecules such as DNA [101], [102]. The 
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electric field distribution in the proteins has been determined from the electrostatic 
calculations and their intensity is found to be in the order of 1 MV/cm [101]. Generating 
electric field of 1 MV/cm magnitude is feasible using microfabricated electrodes. 
Therefore we propose an integrated nanofluidic system to influence and control DNA-
protein interactions using electric field derived from the integrated electrodes placed near 
the site of the DNA-protein interactions. A schematic of our proposed system to study 













Fig. 6.2 Schematic of integrated nanofluidic system where proteins such as restriction 
enzymes in vertical nanochannel interact with DNA present in horizontal nanochannel. 
Electric field in order of 1 MV/cm applied across electrodes can be used to control 















 In our proposed experiment, a stretched DNA molecule in a nanochannel is 
located near the electrodes, where sufficient electric field strength can be generated. A 
protein introduced into the vertical nanochannel would interact with the DNA under the 
presence of an electric field. The electric field would influence the protein motion and 
interactions along the DNA strand. For example, if a restriction enzyme is used, then the 
electric field could be applied such that the cutting of the DNA strand by the restriction 
enzyme is controlled by the electric field. The cutting action of the restriction enzyme can 
be detected using a fluorescent microscope. Using this system, experiments can be 
performed on many kinds of DNA-interacting proteins and the role of the electric field in 
protein interactions could be better understood.   
6.2.1.3. Immobilization of DNA Molecules by Selective Surface Modification  
Manipulation of specific DNA sequences using proteins requires immobilization 
of stretched DNA molecules at specific location in the nanochannels. This would enable 
proteins to interact with a specific sequence on the stretched DNA molecule. We propose 
to move DNA molecules to a desired location in the nanochannels using dual electrodes 
as described in Fig. 6.1, followed by immobilizing the ends of the DNA molecules. The 
ends can be immobilized at selected sites whose surface is modified to enable DNA 
attachment, while the rest of the DNA backbone is free from surface interactions as 
shown in Fig. 6.3.      
Surface modification for DNA immobilization can be performed by specific 
surface patterning using proteins or by changing the surface energy. We have 
demonstrated DNA immobilization using DNA-interacting proteins in PADI. DNA 
molecules in the vicinity of a surface patterned with DNA-interacting proteins such as 
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RNA polymerase would interact with the proteins, causing the strand to be immobilized. 
This principle can be used to immobilize the two ends of a DNA molecule in the 
nanochannel by patterning selected areas of the nanochannel with DNA-interacting 
proteins. DNA molecules can also be immobilized to hydrophobic surfaces at a pH range 
of 5.5 to 6.6. Hydrophobic treatment of selected areas in a nanochannel would enable the 
ends of a DNA strand to immobilize on the surface, while the rest of the backbone 











Fig. 6.3 Schematic of nanofluidic system whose surface is modified at specific locations 
to enable two ends of DNA to attach to channel surface while rest of DNA backbone is 
free from surface interactions, which enables protein interactions at specific DNA 
sequences.  
6.2.2. Self-Assembly of Carbon Nanotube on DNA Stretched Across Electrode Gaps 
CNT transistors have been fabricated using DNA molecules as a template, where 
the CNT acts as a channel of the transistor [103]. This was first achieved by stretching a 










assembly is achieved by introducing a CNT with recA proteins which recognize specific 
DNA sequences. Following self-assembly, the DNA molecule is metallized using metal 
nanoparticles and connected across the microfabricated electrode gaps. A major 
drawback of the current technology is that the DNA molecules are randomly immobilized 
and stretched on a substrate using DNA combing. Logic circuits from DNA-CNT 
transistors cannot be fabricated from randomly placed DNA molecules. 
We propose to fabricate DNA-CNT transistors and logic circuits using the 
techniques of precise DNA immobilization and stretching across electrode gaps that have 
been presented in this thesis. We have demonstrated the capability to immobilize and 
stretch DNA molecules controllably across electrode gaps, in contrast to DNA combing, 
where the DNA molecules are immobilized and stretched at random locations. In order to 
fabricate logic circuits such as an inverter from DNA-CNT units, we would design the 
electrodes so that DNA-CNT units are stretched across multiple electrode gaps that are 
connected in an inverter configuration. Shown in Fig. 6.4 is a schematic of an inverter 
with two transistors that would be fabricated from the stretched DNA molecules with 
CNT self-assembled on top. The appropriate type of CNT can be chosen to obtain either a 
p-type or an n-type transistor. 
The top transistor is a carrier of holes, allowing it to act as a positive metal oxide 
semiconductor (PMOS) device and the bottom transistor is a carrier of electrons, 
allowing it to act as a negative metal oxide semiconductor (NMOS) device. The two 
transistors are connected in an inverter configuration. The electrode acts as a gate to 
modulate the current in the CNT that acts as a channel of the transistor. The CNT can be 
self-assembled on the DNA molecules either before or after stretching the DNA 
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molecules. Similar concepts can be applied to the fabrication of more complex logic 
circuits such as adders and multiplexers. Hence our technique of immobilizing and 
stretching DNA molecules across electrode gaps can be applied to realizing 
nanoelectronic logic circuits using self-assembly of CNT, without the need for complex 













Fig. 6.4 Schematic of inverter fabricated from self-assembly of CNT on stretched DNA 
molecules. DNA molecules are stretched across electrode gaps that are connected in 
inverter configuration. Gates modulate current in CNT, which acts as channel of 
transistor.   
6.2.3. Molecular Diagnostics and Biomarker Discovery Using PADI Technique 
The crucial requirement for single-molecule DNA analysis for applications in 
molecular diagnostics and biomarker discovery is the ability to rapidly analyze hundreds 















on stretched DNA molecules. Optical mapping is performed by detecting cuts on the 
stretched DNA strand due to restriction enzymes, with each cut corresponding to a 
specific sequence recognized by the restriction enzyme. The number of sequences that 
can be detected by using restriction enzymes is limited since each enzyme cuts only one 
type of sequence, and there are only limited numbers of types of restriction enzymes that 
are available. A capability to detect any desired sequence is required for DNA 
immobilization and stretching to be useful in biomedical applications. 
We propose to improve DNA mapping over the use of restriction enzymes by 
attaching fluorescent tags that could recognize specific sequences on the DNA strand. 
Peptide nucleic acid (PNA) is one such molecule whose sequence can be designed so that 
it is able to attach to a specific sequence on the double strand DNA molecule. PNA 
structure is similar to the DNA molecule except the backbone does not have sugar and 
negatively charged phosphate groups but is instead composed of n-(2-aminoethyl)-
glycine units linked by peptide bonds [104]. Since the backbone of PNA contains no 
charged phosphate groups, the binding between PNA/DNA strands is stronger than 
between DNA/DNA strands due to the lack of electrostatic repulsion. Fluorescent tagged 
PNA molecules attached to the dsDNA molecule can be detected on the stretched DNA 
molecules as shown in Fig. 6.5.  
 
Fig. 6.5 Schematic of stretched DNA molecule with fluorescently labeled PNA molecules 
attached to DNA at specific sequences. Each arrow indicates individual PNA molecule. 
DNA mapping can be performed by detecting fluorescently labeled PNA molecules on 





The combination of the PADI technique and sequence recognition using PNA 
molecules can be used to rapidly perform sequence detections on the DNA molecule, 
which is a requirement for molecular diagnostics and biomarker discovery. Other DNA 
immobilization and stretching techniques such as DNA combing and modified positively 
charged surfaces cannot be used to perform DNA mapping using PNA tags since the 
DNA molecules are overstretched, causing structural deformation in the DNA and 
resulting in instabilities in attachment between the PNA and DNA molecules.  
6.3. Conclusions 
Future work based on developing integrated nanofluidic systems for sequence 
specific DNA-protein interactions and electric field controlled interactions has been 
presented. Fabrication of logic circuits by self-assembly of CNT on DNA molecules has 
been conceived. DNA mapping using PNA molecules and PADI technique for 
applications in molecular diagnostics and biomarker discovery has been proposed.  
Development of fluidic systems that enable new DNA-protein interaction 
experiments is essential for understanding the complex steps involved in protein 
interactions. The ability to control the location of DNA-protein interactions on the DNA 
strand is key to performing specific sequence manipulations on the DNA molecules using 
proteins.  
The self-assembly property of DNA molecules can be utilized to fabricate 
nanoelectronics without using complex nanofabrication techniques. Controlled DNA 
immobilization and stretching of DNA-CNT complex across electrode gaps is essential to 
realizing transistors and logic circuits from the DNA-CNT complexes.  
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The ability to detect sequences along the DNA strand is crucial for DNA 
immobilization and stretching to be useful in biomedical applications. The use of PNA 
tags combined with the PADI technique allows rapid detection of specific sequences 
along hundreds of immobilized and stretched DNA molecules.   
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 APPENDIX A  
Fabrication of Integrated Fluidic Systems 
Electrodes are integrated with Si micro- and nano-channels using PMMA as an 
adhesive layer for bonding to glass. Electrodes and PMMA are pattered on a 100 µm 
thick glass, while channels are patterned on a Si substrate. Microchannels with widths 
ranging from 500 nm – 100 µm are patterned using UV optical lithography. 350 nm wide 
channels are patterned using nanoimprint. Si channels are typically included in a sample 
size of 4.5×4.5 cm2 in a Si substrate. The electrodes and patterned PMMA are typically 
included in a sample size of 5×5 cm2 on a glass substrate. 
Fabrication of 10 - 100 µm Wide Si Microchannels  
a. Spin 1827 resist @4 K RPM for 30 s to 3 µm thick 
b. Soft bake for 90 s @110 °C on hotplate  
c. Expose using Karl Suss MA6 mask aligner for 15 s with a light intensity of 5 W/cm2 
(The mask typically consists of twelve 100 µm wide channels)  
d. Develop in MF319 developer for 60 s 
e. Etch in SF6 plasma at 100 sccm, 100 W, 250 mTorr for 3 min to depth of 1 µm 
Fabrication of 500 nm - 1 µm Wide Si Channels  
a. Spin 1827 resist @5 K RPM for 30 s to 2.5 µm thick 
b. Soft bake for 90 s @110 °C on hotplate  
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c. Expose using UV optical Stepper (5Xt reduction) for 5 s for 500 nm wide channels 
with a light intensity of 300 W/cm2 (The mask consists of fifty 5 µm wide channels 
and each channel separated by 5 µm)  
d. Expose using UV optical Stepper (5 Xt reduction) for 15 s for 1 µm wide channels 
with a light intensity of 300 W/cm2 (using the same mask consists of fifty 5 µm wide 
channels and each channel separated by 5 µm) 
e. Develop in MF319 developer for 45 s 
f. Etch in Cl2 plasma at 20 sccm, 600 W ICP power, 200 W rf power, 5 mTorr for 30 s 
to a depth of 100 nm 
Fabrication of 350 nm Wide Si Channels  
a. Spin A6 950 K PMMA @4 K RPM for 80 s on 4 inch Si Wafer to 400 nm thick 
b. Soft bake for 60 s @180 °C on hotplate  
c. Clean Si mold by 1:1 H2SO4:H2O2 for 20 min and dry in N2 after water rinse 
d. Put 2-3 drops of FDTS and Si mold with 350 nm wide channels in a glass container 
covered with lid 
e. Place the glass container on a hot plate @140 °C for 50 min  
f. Place the Si mold with channel side on top of a Si surface coated with 400 nm thick 
PMMA and place in Obducat Nanoimprinter 
g. Apply a pressure of 70 MPa and temperature of 200 °C for 15 min  
h. After cooling to room temperature, separate the mold and Si substrate with channels 
imprinted on PMMA 
i. Etch 100 nm deep channels in a LAM RIE system using Cl2 plasma at 20 sccm, 5 
mTorr pressure, 600 W rf power, and 200 W ICP power for 30 s 
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j. Remove PMMA in acetone @100 °C for 20 min 
Fabrication of Inlet/Outlet Holes and 4.5×4.5 cm2 Si Samples with Channels  
a. Clean 4 inch Si wafers with channels in 1:1 H2SO4:H2O2 for 20 min and dry in N2 
after water rinse 
b. Deposit 1 µm thick PECVD oxide over Si channels using SiH4 at 45 sccm, N2O at 
2000 sccm, He at 250 sccm, 500 mTorr pressure, 100 W rf power, and at 200 °C in 
GSI PECVD system  
c. Spin 9260 resist @2 K RPM for 30 s to 10 µm thick on the back side of the wafer  
d. Soft bake for 6 min @110 °C on hotplate  
e. Perform back side alignment with alignment marks present on the channels side to 
alignment marks on the mask with inlet/outlet holes using Karl Suss MA6 mask 
aligner for 100 s with a light intensity of 5 W/cm2 (The mask consists of a total of 
twenty-four 300 µm diameter holes and 500 µm thick border around the 4.5×4.5 cm2 
sample to etch channel chips out of the 4 inch wafer)  
f. Develop in 1:3 AZ400K:H2O developer for 4 min 
g. Spin 1827 resist @2 K RPM for 30 s to 4 µm thick on a Si carrier wafer 
h. Place the Si wafer with channels on top of the carrier wafer with resist coating and 
place the channels facing the resist 
i. Press the wafers against each other and place them on a hot plate at 110 °C for 8 min 
j. Perform through wafer etch for 3 h using a STS DRIE system. A source power of 600 
W and a stage power of 100 W are used at 26 mTorr and with 105 sccm SF6 in the 14 
s etch cycles. A 75 W source power is applied with no stage power at 16 mTorr and 
40 sccm C4F8 in the 4 s passivation cycles.  
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k. Separate the wafers by removing the resist in PRS 2000 at 100 °C, resulting in 
4.5×4.5 cm2 samples containing Si channels and inlet/outlet holes 
Fabrication of Electrodes and PMMA Patterns on 100 µm Thick Glass 
a. Clean 5×5 cm2 glass wafers in 1:1 H2SO4:H2O2 for 20 min 
b. Dry glass wafers using N2 gas following rinsing in DI water  
c. Evaporate 20 nm thick Cr and 50 nm thick Au on glass using Enerjet Evaporator 
d. Spin 1827 resist @4 K RPM for 30 s to 3 µm thick 
e. Soft bake for 90 s @110 °C on hotplate  
f. Expose using MJB6 mask aligner for 15 s with a light intensity of 5 W/cm2 (The 
mask consists of twelve electrode pairs and the distance between electrode in each 
pair is 15 µm)  
g. Develop in MF 319 developer for 90 s 
h. Etch Au in 4g:1g:50ml  KI:I2:H2O solution for 45 s 
i. Etch Cr in CR-14 etchant for 45 s 
j. Remove resist in PRS 2000 at 100 °C for 4 h 
k. Spin A6 950 K PMMA @2.5 K RPM to 600 nm on glass wafer with Cr/Au patterns 
l. Soft bake for 60 s @180 °C on hotplate  
m. Evaporate 10 nm thick Ti using Enerjet Evaporator 
n. Spin 1827 resist @4 K RPM for 30 s to 3 µm thick 
o. Soft bake for 90 s @105 °C on the hotplate (The soft bake should be done below the 
glass transition temperature of PMMA to prevent damage of PMMA) 
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p. Expose using MJB6 mask aligner for 15 s with a light intensity of 5 W/cm2 (The 
mask consists of 12 set of rectangle patterns with each pattern exposing areas near 
electrode gap and metal pads)   
q. Develop in MF 319 for 30 s 
r. Etch Ti in 40:1:1 H2O: H2O2:HF solution for 10 s 
s. Etch PMMA using O2 plasma at 100 sccm, 250 mTorr pressure, and 100 W power for 
10 min in a RIE system 
t. Remove 1827 resist using PRS 2000 at room temperature for 45 min (The removal 
should be done at room temperature to prevent the PMMA from peeling of from the 
glass surface) 
u. Remove Ti in 40:1:1 H2O: H2O2:HF solution for 10 s (The etch time should not be 
greater than 13 s to prevent the etchant from damaging the PMMA surface) 
Bonding of Si Channels with Glass Containing Electrodes 
a. Clean Si wafer with channels and inlet/outlet holes in 1:1 H2SO4:H2O2 for 20 min 
b. Dry Si wafer using N2 gas following rinsing in DI water  
c. Clean 4 inch pyrex glass wafer with acetone and isoproponal alcohol (IPA) 
d. Put a drop of DI water on center of pyrex wafer and place the glass with patterned 
electrodes on the drop (The pyrex wafer is used to prevent the glass wafer from 
bending when it is vacuumed during alignment) 
e. Align Si channels with electrodes on glass using EVG 501 aligner 
f. Transfer the aligned wafers from the aligner to EVG 501 bonder  
g. Perform bonding at 0.4 MPa pressure, 75 Torr vacuum, and 110 °C for 20 min 
h.  After cooling to room temperature, detach the bonded wafers from the pyrex glass 
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Bonding of Si Channels with Plain Glass for PADI Technique 
a. Clean Si wafer with channels in 1:1 H2SO4:H2O2 for 20 min 
b. Dry the Si wafer using N2 gas following rinsing in DI water  
c. Clean 5×5 cm2 glass wafer in 1:1 H2SO4:H2O2 for 20 min 
d. Dry the glass wafer using N2 gas following rinsing in DI water  
e. Spin A6 950 K PMMA @2.5 K RPM to 400 nm thick on glass wafer 
f. Soft bake for 60 s @180 °C on hotplate  
g. Place the Si and glass wafers in EVG 501 bonder  
h. Perform bonding at 0.4 MPa pressure, 75 Torr vacuum, and 110 °C for 20 min 
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 APPENDIX B  
DNA and Protein Sample Preparation  
Labeling DNA Molecules with YOYO Fluorescent Probes 
a. Prepare unlabled DNA (Sigma-Aldrich, St. Louis, MO) sample to a concentration of 
1.5 ng/µl in TRIS-EDTA buffer 
b. Prepare YOYO-1 dye (Invitrogen Corporation, Carlsbad, CA) to a concentration of 
0.1 µM in TRIS-EDTA buffer 
c. Mix 1 ng of DNA to 3 µl of 0.1 µM YOYO dye for 5:1 base to dye ratio DNA 
molecules 
Preparing Labeled DNA Molecule Sample 
a. Mix required amount of DNA sample to specific concentration in TRIS-EDTA buffer  
b. Centrifuge the DNA sample for 10 s 
Preparing DNA-Protein Complex for PADI Technique 
a. Mix required amount of labeled DNA sample to specific concentration in TRIS-
EDTA buffer in a vial 
b. Mix required amount of proteins with the DNA sample  










APPENDIX C  
Fluorescent Microscope Interface and Operation 
Interfacing Fluidic System to Fluorescent Microscope (Fig. A1) 
a. Connect electrodes on glass to contact pads on Printed Circuit Board (PCB) using a 
wire bonder 
b. Place the wafer-PCB unit on microscope objective with glass facing the objective 
and Si wafer with channels and inlet/outlet holes on top (This configuration enables 
access to inlet/outlet ports present on top and at the same time electrical contact to 
electrodes)  
c. Power supply is connected to contact pads of the PCB board using probe connectors 
d. Focus the microscope objective at the inlet port followed by focusing at the channel 
 
Fig. A1. Schematic of microscope setup showing one channel and a pairs of inlet/outlet 
holes in Si integrated with an electrode pair. The bonded Si and glass wafers are wire 
bonded to a PCB board. The wafer-PCB board unit is placed on top of a microscope 
objective with glass facing the objective piece. The inlet/outlet holes in Si are accessible 
from the top while the channels in Si shown as dotted lines are not visible from the top. 




a. Switch on fluorescent lamp 
b. Switch on stage power 
c. Switch on microscope power 
d. Through Metavue software enable fluorescent light through the microscope 
objective (Select Acquire/Exposure) 
e. Put two drops of oil on the objective piece 
f. Place the wafer-PCB unit on the microscope objective 
g. Focus the objective using the wheel located at the base of the microscope 
h. Pictures are taken by clicking the Acquire button 
i. Videos are recorded as Stream/Stream Acquisition/Acquire 
Avoiding Bubble Formation 
a. When filling a channel array with narrow channel width, including a channel with 
wider channel width that is parallel to the narrow channels allows unobstructed 
capillary filling of fluid, thus reducing bubble formation  
b. Using a buffer such as TRIS-EDTA, which has higher surface tension with oxidized 
Si surface compared to H2O, will result in faster filling of channel thus reducing 
bubble formation in channels  
c. Raise the voltage across electrodes slowly in range of 0-20 V to reduce bubble 
formation 
d. Frequency >50 KHz reduces bubble formation  
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